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Abstract
Presented within this thesis is the work towards studies on thin-film diode structures for
use in advanced energy applications. The main energy application pursued within this study
is the solar rectenna device, considered to be next-generation in energy harvesting due to
promises of efficiencies beyond the Shokley-Queisser limit for solar cells. A RECTifying an-
tENNA (RECTENNA) is a device consisting of an antenna, with dimensions scaled to the
wavelength of the electromagnetic wave to be absorbed, and the resulting signal rectified by a
diode of sufficient cut-off frequency to efficiently operate at the desired harvesting frequency.
In studying the rectenna device and its efficiency limits, diode performance requirements have
been outlined that are used to identify suitable structures to be used in future prototype manu-
facturing of energy relevant devices, for example solar rectenna, rectenna for microwave power
transmission, antenna-coupled diode photodetectors, hot-electron devices, etc.
Silicon based Schottky barrier and Metal-(native oxide)Insulator-Metal diodes have been,
for the first time, systematically studied by using conventional manufacturing techniques to
produce optimised devices. The result being n-type Si Schottky barrier diodes with various
top metals (Ag, Al, Au, Nb, Cr, Mo, Ni and Ti) displaying low ideality factors close to unity
(exception made from Al), good low-bias rectification properties, low leakage currents and op-
timised barrier heights. By analysing and comparing the performance metrics for these diodes,
it was established that Cr, Ti, Mo and Ni have the potential to be used as passive devices for
energy applications, with Cr displaying the highest cut-off frequency at 39.6 GHz, whereas Mo
and Ni having desirable properties that also make them suitable as active components.
2
Native oxide Metal-Insulator-Metal diodes based on Al, Cr, Nb and Ti, and their native ox-
ide derivatives topped with a selection of metals of different workfunctions (Ag, Al, Au, Nb, Cr,
Mo, Ni and Ti) all displayed asymmetric current-voltage characteristics. By comparing the rec-
tification properties of all structures, it was established that higher electron affinity insulators
(Nb2O5 and TiO2) have better performance metrics than the lower electron affinity insulators
(Al2O3 and Cr2O3), with the Nb based structures outperforming the Ti based devices. Three
figure of merits were used to characterise the MIM diodes, with the Nb/Nb2O5/Ag device dis-
playing the highest at 35.6 asymmetry, 4.0 nonlinearity and 7.9 V−1 responsivity, making it
suitable for lower end energy applications such as IR or Optical sensing.
An initial study into Metal-Insulator-Insulator-Metal diodes with insulators grown by re-
flection high energy electron diffraction assisted pulsed laser deposition has shown a proof of
concept for the improved performance of double-insulator over single-insulator tunnel diodes,
and identified factors that need to be controlled when considering this novel approach to study
the double-insulator devices.
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Chapter 1
Introduction
T
he ever increasing global demand for clean renewable energy is a crucial topic that
has major economic and societal impact for our future on this planet. The sun is a
constant source of energy, thus better harvesting its radiation would solve the energy
challenge and help protect the environment. Conventional solar harvesting is via the increas-
ingly popular photovoltaic (PV) p-n junction solar cells. Although this field has seen great
improvement over the last few decades since the first silicon solar cell was developed in 1941
at Bell Laboratories, its fundamental limitations discussed by Shockley and Queisser[1] in 1961
puts an upper boundary on the efficiency at around 30% for single junction solar cells[1] and
55% for multi-junction solar cells[2]. Due to the efficiency limits of solar cells, other solar-energy
converting technologies are becoming increasingly attractive. An alternative solar energy con-
verter concept is the Rectenna (RECTifying antENNA) device, which has achieved very high
efficiencies at microwave frequencies, while at THz frequencies, it has been speculated that
efficiencies exceeding the Shockley-Queisser limit are achievable.
The term RECTENNA was coined by William C. Brown in the 1960s, who developed an-
tennas coupled to diode rectifiers for microwave power transmission (MPT) applications[3].
This concept was demonstrated to the public in October 1964, having an array of 28 rectennas
attached to a helicopter which hovered over a 60 ft height, powered by a beam of 2.45 GHz
microwave energy directed towards the aircraft. The rectenna elements were operating at an
overall 40% efficiency, a value dependent on absorption efficiency of the antenna element, effi-
cient rectification of the diode and signal transfer losses from antenna to rectifier. The rectifier
element for this successful demonstration comprised an IN82G semiconducting p-n junction
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diode[3], a state-of-art diode for its time. With the development of new technologies and op-
timisation of the rectenna design, a record efficiency of 92% was achieved by Brown, using a
Pt/GaAs Schottky diode[4].
As a device for solar energy collection, the rectenna was first proposed in a solar power
satellite (SPS) concept as an energy collector, a project pioneered by P. E. Glaser[5] in 1968.
The SPS concept represents a 5 GW power station on the geostationary orbit, which collects
electrical power by means of solar cells and transmits microwaves of the 2.45 GHz band to a
rectenna array site on the ground. Ideas from the SPS project have since yielded many other
applications involving MPT and rectenna which are being researched today. Inter-satellite
power transmission[6], including utility power satellites[7], mechanical actuators for space-
based telescopes[8], small dc motor driving[9], RF identification tags (RFID) and biomedical
implants[10] are only a few examples of the many useful applications for this device.
The idea of exploiting the wave nature of light, or solar radiation, and converting its energy
into usable direct current by the use of antennas coupled to diode rectifiers, was proposed by
R. L. Bailey in 1972 [11], a device he named as the “Electromagnetic Wave Energy Converter
(EWEC)” suggesting an artificial pyramid or cone structure as antennas, analogous to those
found in nature and similar to dielectric rod antennas. The paper described pairs of pyramids
as modified dipole antennas, each pair electrically connected to a half-wave rectifying diode,
filter and load. This invention is fundamentally very similar to the initial microwave rectenna
proposed by Brown, but it is modified so that the antenna and rectifier operate at much higher
frequencies to harvest solar energy. The device called by Bailey EWEC is now referred to as a
Solar Rectenna.
With the proven success from rectennas for microwave power transmission, the solar rectenna,
being essentially a scale-down model of the MPT rectenna, gained its popularity with specu-
lations that efficiencies could exceed the Shockley-Queisser limit and reach the Landsberg[12]
limit of 93.3%. The efficiency of the solar rectenna is highly dependent on the performance of
its two components - the antenna and the rectifier. Therefore, research in the field has mainly
been focused on developing nanoantennas and diodes for optical and infrared (IR) operation to
harvest solar energy. Metal-Insulator-Metal (MIM), Metal-Insulator-Insulator-Metal (MIIM)
and Geometric diodes have been identified as suitable rectifiers with the potential for high-
frequency operation. These diodes can also be coupled to antennas for sensing applications in
the optical[13–17] or IR[18–25] regime.
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1.1 Motivation and Objectives
The aim of the work presented in this thesis was to optimise a fabrication route for thin-film
diode structures, characterise their electrical response and discuss their suitability for use in
advanced energy applications such as the Rectenna device, and in antenna-coupled light detec-
tion applications.
The most popular rectifiers being researched for such applications are Schottky barrier
diodes (SBD) and tunnel diodes such as MIM and MIIM devices. SBD diodes based on high-
end semiconductors such as GaAs have outstanding diode properties and high cut-off frequency,
reaching 5 THz[26]. However a cheaper alternative is Si, which has been reported to reach 1
THz operation[27]. To date, and to the best knowledge of the author, SBD and native oxide
MIM devices have only been individually studied to generally characterise their performance
and properties, with no systematic study to identify the effect of the fabrication process and
materials used on the device performance. Several studies, looking at systematic analysis within
the scope of MIM devices have typically used either a screening technique[28] or relatively com-
plex growth techniques such as atomic layer deposition (ALD)[29–32], which is required for the
controlled growth of the insulating barrier of ultra-thin thickness. The gap in the literature
is brought out by the lack of consistent research into the use of more conventional, simplified,
economical and scalable techniques in the study of these devices. Therefore, the SBD and MIM
devices have been studied here with the objective of using cheap materials and conventional,
relatively cheap and simplified manufacturing methods to obtain a standardised reproducible
processing route.
Furthermore, a thorough literature survey revealed the necessary properties that a diode
should feature in order to be considered suitable for the above mentioned applications. The
performance of the devices outlined in this thesis are discussed in this context. Metal-Insulator-
Insulator-Metal devices were proposed as a step forward to simple single-insulator MIM diodes,
with improved electrical properties due to the altering of current-transport mechanism[33].
Fabricating MIIM diodes is a challenging task and therefore only a few examples are seen in
the literature. The approach towards studying MIIM diodes in this thesis deviates from the
overall scope of using conventional scalable techniques, but offers an alternative route to con-
trolled deposition of two insulators and their characterisation.
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Some of the technology and expertise that has been developed as a direct result of the
work conducted for this thesis was non-existent to the Thin-Film Technology (TFT) Labora-
tory at the department of Materials at Imperial College London. Growth techniques such as
sputter deposition have benefited many other projects around the department and attracted
collaborative research initiatives. This was part of the motivation for using these techniques.
1.2 Thesis Overview
Chapter 2 will introduce the rectenna device by discussing its fundamental theory of op-
eration, reviewing publications for its efficiency limitations, presenting the current state-of-art
in rectifier research and selecting the most viable rectenna design worth pursuing. This will
highlight the importance and motivation for thin-film diode research. (please note: some parts
of the forthcoming review on the rectenna device were published in [34] by the thesis author.
Re-use has been granted permission by the publisher – Cambridge University Press.)
The following Chapter 3 introduces the fundamental theory of all fabrication and char-
acterisation techniques used for this work. Chapter 4 outlines the processing steps used to
fabricate Silicon based Schottky barrier diodes for this work with reference to process-specific
parameter requirements, summarised in the Appendices. Also featured in this chapter are the
diode requirements that will identify devices as suitable active or passive components in en-
ergy related applications. Schottky barrier diode theory is also discussed along with a detailed
analysis of the electrical properties for a variety of different Metal-Semiconductor (MS) devices.
The performance from all devices has been compared and diodes suitable as active or passive
components in devices for energy applications have been identified. (please note: part of the
results and ideas presented in this chapter have featured in [35] and [36]. Re-use has been
granted permission by the publisher – American Institute of Physics.)
Chapter 5 outlines the fabrication steps, diode requirements and principle of operation of
Metal-Insulator-Metal diodes and presents a systematic study of various MIM devices with a
native oxide as the barrier layer. The results indicate diode performance obtained from devices
grown via conventional techniques. The viability of integrating these devices into relevant ap-
plications is discussed based on their electrical properties. (please note: part of the results and
discussion in this chapter have been published in [37]. Re-use has been granted permission by
the publisher – SPIE.)
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In a similar structure, Chapter 6 describes the fabrication steps, principle of operation and
gives results for Metal-Insulator-Insulator-Metal devices, discussed in the same context as MIM
diodes. The double-insulator MIIM devices are deposited by Reflection High-Energy Electron
Diffraction (RHEED) assisted Pulsed Laser Deposition (PLD), a controlled oxide deposition
technique enabling monolayer in-situ growth monitoring.
A summary of the work and the drawn conclusions are presented in Chapter 7. From the
identified gaps in the literature and the conducted work on thin-film diode structures, sug-
gestions for further research are made (Chapter 8), which would potentially bring substantial
advancement in the field of high frequency diodes and Rectenna development in general.
1.3 Scientific Contributions
The outcome of the work presented in this thesis has made scientific contributions beyond
the summarised publications. A brief summary highlighting these contributions is listed:
1. A comprehensive literature survey has resulted in deriving a chart of reported Rectenna
efficiency against frequency of operation (see Figure 2.6, originally published in [34]),
which highlighted a substantial gap and identified an important field of future study.
2. The original model for current-transport at the Metal-Silicon interface by Tung[38] does
not accurately account for inhomogeneity at the interface and thus has been modified to
better represent the transport mechanism at different temperatures (this work featured
in [35] and [36]).
3. Si-based Schottky barrier diodes have been, for the first time, systematically studied and
their performance compared.
4. A refined manufacturing process for Schottky barrier and Metal-Native Oxide-Metal diodes
has been obtained, providing a simplified, standardised route for obtaining low-cost batch
fabricatable devices.
5. Systematic studies of various MIM devices helped to identify the differences between
theoretical expectations and experimental reality in device performance (a work partially
presented in [37]).
6. An alternative approach to fabricating MIIM devices for research purposes has been
proposed.
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Chapter 2
The rectenna device
R
ectenna or RECTifying antENNA, which was first demonstrated by William C.
Brown in 1964[3] as a receiver for microwave power transmission, is now increas-
ingly researched as a means of harvesting solar radiation. Tapping into the growing
photovoltaic market, the attraction of the rectenna concept is the potential for devices that, in
theory, are not limited in efficiency by the Shockley-Queisser limit. In this chapter, the theory
of operation of this 40-year old device concept is explored in the context of power transmission
and the ever increasing interest in its potential applications at THz frequencies, through the
infra-red and visible spectra. Recent modelling approaches that have predicted controversial
efficiency values at these frequencies are critically examined. It is proposed that to unlock any
of the promised potential in the solar rectenna concept, there is a need for each constituent part
to be improved beyond the current best performance, with the existing nanometer scale anten-
nas, the rectification and the impedance matching solutions all falling short of the necessary
efficiencies at THz frequencies. Advances in the fabrication, characterisation and understand-
ing of thin-film diode rectifiers are reviewed, and common solar rectenna design approaches are
summarised.
2.1 Introduction
Fundamentally the Rectenna and the Solar Cell are similar as there is absorption of pho-
tons to generate a DC current. However, there is a substantial difference in their principles
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of operation. Solar cells are quantum devices, except for their anti-reflection coatings, and
are only able to be understood and designed by the application of quantum physics[39], where
light is perceived in its particle form, as photons. Hence, the efficiency is limited by the band
gap energy of the active layers, where energy is lost due to low energy photons passing right
through the material, and through heat loss from the high frequency photons. The rectenna
device concept is different as it is based upon the wave nature of light, which is regarded as a
propagating, oscillating electric and magnetic field[40]. Similar to a low pass filter in electron-
ics, the efficient absorption of solar radiation is limited by the cut-off frequency of the device,
i.e. any wavelength below this frequency can be harvested.
Figure 2.1: Block diagram of microwave rectenna and load. (Reprinted from [39], ©2002 with
permission from Elsevier)
The components of the rectenna device are shown in Figure 2.1. These components are
commonly associated with a rectenna operating at microwave frequencies. The antenna is used
to capture and convert the energy from an incoming microwave beam (or solar radiation in the
case of solar rectenna) as it is an efficient transducer between free space and guided waves[41].
The electric field (E) from an incident electromagnetic wave induces an alternating current
(AC) in the conducting antenna. A low pass filter is used to form an impedance match between
the antenna and the rectifier, and passes the signal at the tuned operating frequency whilst
blocking re-radiation of higher order harmonic energy produced by the rectifier[39, 42–44]. The
rectifier (a diode) converts the input AC signal to a usable direct current (DC) which is trans-
ferred to the load. Most rectennas in the literature follow the Brown design of a single diode
clamping circuit that ensures the voltage at the output terminal never goes negative. Follow-
ing the clamping circuit is a DC pass filter, used to smooth the rectified signal to DC whilst
providing efficient transfer to the load. At very high frequencies a series inductor, rather than
a circuit consisting of a shunt capacitor would be preferred as the DC filter element to prevent
a short circuit and the associated reduction in efficiency.
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Figure 2.2: Block diagram of solar rectenna and load. (Reprinted from [45], ©IOP Publishing.
Reproduced by permission of IOP Publishing. All rights reserved.)
The antenna dimensions are of the same length scale as the targeted frequency[41]. There-
fore, for microwave frequencies, the antenna is relatively large (cm to mm scale) compared to
that required for infrared (µm scale) and optical frequencies (nm scale). Due to its smaller
size, it will be difficult to incorporate the aforementioned filters into the design of a rectenna
for solar energy collection. Therefore the components of the solar rectenna are reduced to just
the Antenna and Rectifier (Figure 2.2)[45]. The removal of the low-pass filter from this design
enables broadband frequency harvesting up to the cut-off frequency of the device, although it
introduces the difficulty of impedance matching the antenna and rectifier, resulting in a poten-
tial drop in efficiency. Losses in transferring the rectified DC signal to the load are dependent
on the diode behaviour. However, appropriate design of a DC pass filter would make its use
possible in this configuration[46, 47].
There are two families of designs for rectenna solar energy collectors. Bailey[11] proposed
that each antenna element is attached to its individual rectifier and the DC outputs are com-
bined (see Figure 2.3). The immediate concern here is that the small voltage predicted from the
antenna elements may be insufficient for rectification to occur in the attached diode element[39].
The only way to overcome this is to design a diode which turns on at a voltage as low as that
arising from the single antenna element. The other design is by Kraus[48], who suggested that
the electrical oscillations from many antenna elements be combined in a particular phase rela-
tionship, then delivered together to the rectifier. Limitations in this design arise from the need
for spatial coherence across all the antenna elements feeding the signal to the diode[39]. This
can be minimised by appropriate design and high quality fabrication of the antenna elements.
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Figure 2.3: The EWEC concept by Fletcher & Bailey. Each broadband conical antenna is
connected to a rectifying diode, filters and load. (Reprinted from [49])
2.2 Efficiency limits
The first rectenna device (Figure 2.4), which was built in 1963, provided a 7 W power output
with 40% efficiency [3] designed to work at 2.45 GHz. This was the most commonly targeted
transmitting frequency for MPT because of its low attenuation through the atmosphere even
in severe weather and being at the centre of the industrial, scientific, and medical (ISM) band
meant that it was the most advanced and efficient transmitting technology.
This rectenna used half-wave dipole antennas to receive the signal and point-contact semi-
conductor diodes for rectification. In later device attempts, the half-wave dipole antenna re-
mained the preferred technology, but an increase in efficiency was mainly achieved by improving
the rectifier performance, incorporating Schottky barrier diodes. From the early 1960’s until
the early 1980’s there has been a steady increase in the experimentally demonstrated efficiency
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Figure 2.4: The first rectenna. Conceived at Raytheon Company in 1963, built and tested by
R.H. George at Purdue University. It was composed of 28 half–wave dipoles, each terminated
in a bridge rectifier made from four 1N82G point–contact, semiconductor diodes for operation
at 2.45 GHz. A power output of 7W was produced at 40% efficiency. (Reprinted from [3],
©1984 IEEE. Reprinted, with permission, from IEEE)
of the rectenna at 2.45 GHz (Figure 2.5a). Although Nahas[43] first developed a model (using
a distributed transmission-line technique including skin-effect losses) to simulate the top per-
formance of a rectenna utilising a dipole antenna and a conventional SBD, his prediction of
an 80% upper boundary (most of the losses came from the diode rectifier) was later improved
when Brown[4] experimentally demonstrated what is to date, the highest ever recorded effi-
ciency at the 2.45 GHz band of 92%. This was made possible by using the then well established
Pt/GaAs Schottky diode and supported Brown’s predictions that 100% efficiency is possible
for this device[4, 50].
In another attempt to model the efficiency, Gutman & Borrego[51] predicted an upper
boundary of 85% incorporating numerous rectifier outputs interconnected to a common DC
load. They used a closed-form analytical circuit model and a computer-simulation model in an
attempt to show that a higher output power can be achieved having an array of these compo-
nents as opposed to a single rectenna element.
It is important to state that the conversion efficiencies (η(%)) considered here are simply
defined as the ratio of the output power (Pout) over the power incident on the antenna (Pin),
η(%) =
Pout
Pin
× 100 (2.1)
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Figure 2.5: Reported conversion efficiency (as defined by their authors) evolution over the years
of a rectenna device for Microwave Power Transmission. Data points are split into Experimental
and Theoretically derived values of efficiency. a) 2.45 GHz, b) 5.8 GHz, c) 35 GHz and d) 8-
10 GHz and 94 GHz. Data collected from [3, 4, 7, 8, 11, 39, 41–43, 48, 50–92]
One of the most successful demonstrations of MPT was in 1975 by Dickinson and Brown[55]
who used an array of 5000 rectennas to receive a transmitted signal over a distance of one mile
with 82% efficiency at 2.388 GHz[55, 56]. The rectenna architecture again contained half-
wave dipole antennas. In the last two decades many other antenna architectures have been
proposed in search of enhanced performance and economical alternative. These include the mi-
crostrip patch[50, 58], circular polarised[63, 66–68], compact slot ring[65] and shorted annular
ring-slot[59, 63] antennas with all attempts returning efficiencies between 55% and 85% (see
Figure 2.5a). The higher efficiencies reported all used GaAs SBD as opposed to conventional
Si SBD, showing the importance of diode behaviour on device performance.
In the 1990’s a renewed interest in the solar power satellite (SPS) concept [5, 52, 93–99]
started a new focus of research into high efficiency rectennas and rectenna arrays operat-
ing at higher frequency than the mid-ISM band (2.45 GHz)[54]. With higher operating fre-
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quency, the device dimensions can be reduced conveniently from the point of SPS construction
feasibility[54]. Also small size design can be appropriately implemented in a range of other ap-
plications such as a supply source in RFID[10, 65, 68, 74, 78, 87], wireless sensors[10, 59, 68, 87]
and data communication systems[53, 71, 74, 75, 77, 87]. Rectennas operating in the C-band
(≈ 5.8 GHz – Figure 2.5b), X-band (8-10 GHz Figure 2.5d), Kα-band (35 GHz Figure 2.5c)
and W-band (94 GHz Figure 2.5d) have appeared after the 1990s, some even operating in two
bands (2.45 & 5.8 GHz[63–65] and 35 & 94 GHz[87]). However, the efficiency is different in the
two frequency bands with the higher frequency operation yielding lower efficiency due to losses
in transferring the AC signal generated from the antenna to the rectifier circuit. The only dual
frequency rectenna with high efficiency in both bands is reported by Suh & Chang[64] with an
excess of 82% efficiency at both 2.45 and 5.8 GHz employing a CPS dipole antenna and GaAs
SBD.
At 5.8 GHz, efficiency values in the range of 60-85% have been both predicted[42, 71, 77, 78]
and demonstrated[42, 53, 64, 69–73, 75, 76, 79–82] with different approaches returning equally
successful devices through the years (Figure 2.5b). The few experimentally reported rectennas
at 8-10 GHz have seen slight improvement in efficiency when a circular or dual polarised printed
patch antenna has been coupled to the GaAs[7, 8] or Si[83] Schottky diode, however with a
planar slot antenna[84] the efficiency is only 21.2% (Figure 2.5d). At 35 GHz (see Figure 2.5c)
theoretical predictions are higher than their corresponding experimental results[7, 50], although
with a similar antenna and diode design, high experimental efficiency of 70% has been reported
elsewhere [89, 91]. Analysis of the different efficiencies achieved with similar rectenna technolo-
gies highlight the importance in the circuit and device design for rectennas used in microwave
power transmission. Furthermore, load impedance and the power of the incoming beam also
affect the overall efficiency of the device.
It can be noticed from Figure 2.5 that for a given frequency some models predict a lower
efficiency than that which had already been experimentally achieved. The reason is that over
the years, new antenna and rectifier technologies, and alternative, more compact circuit designs
were emerging, which could not improve or even match the record efficiency achieved with the
half-wave dipole antenna and Pt/GaAs SBD. Furthermore, scaling down the components and
aiming towards higher frequency operation at lower cost, introduced difficulties for appropriate
circuit design and the efficiency suffered a continuous drop. Overall, considering the evolution
of reported efficiencies over the years (Figure 2.5) for MPT rectennas, it can be concluded that
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Figure 2.6: Reported conversion efficiencies (as defined by their authors) at their maximum
operating frequency of a rectenna device. Data points are grouped by the two applications of
the rectenna - either Microwave Power Transmission or Solar Energy Harvesting, each displaying
experimental, theoretical or speculated efficiency values. Data collected from [3, 4, 7, 8, 10, 11,
13, 39, 41–44, 46–48, 50–92, 100–115]
with appropriate antenna design, good matching to a suitable well-functioning diode rectifier
connected to a DC load, experimental evidence of efficiencies over the 70% mark can be ob-
tained for frequencies up to 35 GHz (see also Figure 2.6).
The high efficiencies achieved at the low GHz frequencies are due to the ease of fabricating
the devices and designing appropriate filters (low pass and DC pass – see Figure 2.1). To be
able to receive a signal, the antenna has to be of the same length scale as the wavelength of
the incoming wave, which at the low GHz frequencies ranges from a few mm to 10’s of cm. At
infrared and optical frequencies, wavelengths are from µm to nm, which subsequently indicates
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the necessity of building the antenna and rectifier in this length scale range. At this scale,
a direct impedance match of the antenna to rectifier has to be achieved (Figure 2.2) instead
of using a low-pass filter, which cannot be designed at such small dimensions. This is what
Bailey’s proposed electromagnetic wave energy converter[11] implies – a scaled down version of
Brown’s rectenna consisting of a µm length antenna connected directly to the diode rectifier
transferring the output to the load through a DC pass filter of some sort. Bailey predicted an
efficiency in excess of 50% for his EWEC device at microwave frequencies, although not backed
by any modelling or experimental evidence of a whole device. The only evidence he gives is the
ability of an EWEC prototype to absorb electromagnetic plane polarised waves at 475 MHz.
His vision was to study the concept at microwaves and later scaling it to light frequencies where
he speculates potential for unity efficiency. A MPT rectenna device without a low-pass filter is
possible and was demonstrated in 2012 at 2.45 GHz[59]. The proposed printed shorted annular
ring-slot rectenna is designed to match the impedance of the SBD rectifier at 2.45 GHz. The
diode however will produce second and third order harmonics which will re-radiate at 4.9 and
7.35 GHz but these will be blocked because the antenna is designed to mismatch its impedance
at the higher order harmonics thus preventing re-radiation[59]. This device architecture re-
moves the need for a low-pass filter design and achieves 69% efficiency.
Apart from Brown[4, 57] (for microwave) and Bailey[11] (for solar) several other authors
(Kraus[48], Balanis[104], and Andersen & Frandsen[116]) have speculated about the possibil-
ity of 100% conversion efficiency coming from highly absorptive no-loss antennas and ideal
matching, transferring and rectification of the absorbed input signal to the load. This antenna
efficiency is assuming uniform distribution of energy across the antenna, a single frequency and
a coherent source. The high efficiency values for MPT are achieved not only with appropriate
antenna design, matching circuit and rectifier performance, but also with efficient delivery of a
good signal, because the artificially created microwave signal is single band, polarised and co-
herent. This makes the antenna engineering easier. Simply reducing the size of the components
to operate at solar frequencies does not necessary mean that the efficiency will remain as high
as that observed for MPT Rectennas. Unlike monochromatic microwave radiation, sunlight
is unpolarised, incoherent and distributed over a wide band of wavelengths[113]. This creates
further challenges in antenna engineering and lead to disputes on how to model the device
performance. Furthermore, the diode has to be optimised to rectify the signal at the higher
frequencies and both antenna and diode have to be well matched to maximise power transfer.
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Provisional tests at 10 GHz with a dipole antenna and a Schottky diode were demonstrated
by ITN™[41] estimating efficiencies of over 50% however this frequency is too low for solar
energy harvesting. ITN™ state that the lower frequency rectenna is scalable to the higher THz
frequencies required for solar harvesting with their models predicting up to 85%[41] efficiency.
According to microwave antenna theory, the antenna length scales linearly with the incident
frequency which means that in theory the antenna can be scaled to resonate at IR and op-
tical frequencies[41]. This is not entirely the case because at IR and optical frequencies the
conduction is not Ohmic and the scaling laws are rather an estimation than an accurate repre-
sentation of the real-life situation as the majority of the energy in the surface modes is carried
in the dielectric above the antenna. This symbolises the importance of impedance losses. The
antenna has to be designed to resonate against a complex waveform and absorb broadband
solar radiation which ranges from about 150 to 1000 THz, 85% of which corresponds to a
wavelength of between 0.4µm to 1.6µm[41]. To reach the targeted frequencies in the high THz
region, SBD rectifiers would not meet the criteria as the best cut-off frequencies are only up
to a few terahertz[117]. MIM diodes are used for their potential to work in the higher THz
region. The first practical demonstration was done by NIST™[103] who used atomic layer de-
position grown Cr/CrOx/Au diodes coupled to a dipole antenna and measured its efficiency
at 30 THz (achieved using a CO2 laser) to be below 1%. This attempt was carried out on an
un-optimised antenna structure with a poor MIM diode. Following this, numerous theoretical
models have been proposed, predicting the overall conversion efficiency of the solar rectenna
(see Figure 2.6). For MPT rectennas, most theoretical and experimental efficiency results tend
to be of the same order, whereas it can be seen that for Solar rectennas different attempts on
modelling the performance predict a spread of efficiencies. Some approaches are close to the
Landsberg limit of 93.3%[12] whilst others predict discouraging figures below 1% (Figure 2.6).
Conversion efficiencies from 0.001% to 2% have been theoretically derived[13, 107, 110] em-
ploying various assumptions and a variation of modelling approaches (Figure 2.6). Mashaal
& Gordon[107] analysed the efficiency in terms of losses by the state-of-art rectenna designs
which adopt single polarization antennas able to convert only half of the random-polarization
input power from solar radiation and a half-wave rectifier blocking the negative voltages of
the input signal. Their assumptions were based on ideal matching between antenna and rec-
tifier, zero turn-on voltage, limitless switching speeds and non-filtered signal output from the
antenna prior to entering the rectifier which yielded an overall conversion efficiency of 0.0795%
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and four times as high if a full-wave rectifier is employed. The usual configuration for rectennas
is with a parallel diode. This configuration forms a clamp circuit, which is capable of rectify-
ing the full wave when used with a low pass (DC) filter[46, 47]. Therefore, estimating optical
rectenna conversion efficiency should not be discouraged by assuming a half-wave rectification
mechanism. Instead, efforts should be concentrated in understanding the effect of impedance
mismatch. Briones et al.[110] based their model on the assumption that the collection of EM
radiation by the antenna is done efficiently, which resulted in 0.001% efficiency of the system
due to impedance mismatch losses between antenna and rectifier and inefficient rectification of
the signal. By assuming efficient rectifier performance, the potential efficiency rises to approx-
imately 1%.
An equally important criterion for efficient device operation is antenna material selection.
Vandenbosch & Ma divided the analysis on the efficiency of nano-rectennas into two parts – 1)
the efficiency by which the light is captured by the antenna and brought to its terminals[114]
and 2) the efficiency by which the captured light is transformed to low frequency power by the
diode[112, 113]. Considering first the antenna efficiency, they studied various antenna mate-
rials in the form of 250 nm dipoles placed on a substrate[114]. Their calculations predicted
antenna efficiency of 61.6% for Ag, 50.3% for Al, 34.3% for Au, 29.5% for Cu and 9.4% for Cr.
In a later paper, [112], they looked at the diode efficiency and more specifically, investigated
the power loss due to impedance matching whilst assuming efficient signal rectification. This
analysis was only done on the highest performing materials – Ag, Al and Au. Their work was
a continuation of a previous work by Sarehraz et al.[113], however their analysis covered 75%
of the power radiated by the sun (up to 1000 THz) whereas Sarehraz et al. only based their
analysis on 15% of the spectrum. Although Al gave the best matching efficiency of 97%, the
best overall conversion efficiency of the rectenna considering both constituent parts is with Ag
which gives 54% whereas Al would have 46% and Au just 28%[112](Figure 2.6). So far the
analysed publications all share a united opinion that a suitable rectifier is needed in order for
the above mentioned efficiency estimates to be achieved or improved. For impedance matching,
Ma & Vandenbosch[112] suggest that the impedance of the rectifier must be of the order of
100Ω both for the real and imaginary part and favour aluminium as being a suitable material
for this application.
A governing factor in rectifier performance is its RC time constant which defines the cut-off
frequency, fc. This is the upper limit at which the rectification process is efficient. Above the
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cut-off frequency, rectification is still possible however the strength of the rectified signal at the
output of the MIM will drop by a factor of approximately (fc)
2, thus the higher the frequency
above fc the lower the rectification efficiency[113]. The cut-off frequency is estimated by the
following expression proposed by Sanchez et al.[118],
fc =
1
2piRC
(2.2)
where R is the series resistance and C is the capacitance. The cut-off frequency of the
whole rectenna device can be evaluated by the following relation, which considers the antenna
impedance (RA) and diode resistance (RD)[110],
f c =
RA +RD
2piRARDCD
(2.3)
To achieve a high cut-off frequency, the RC constant must be small, which can be obtained
with a small junction area[118], and appropriate material selection and fabrication. MIM rec-
tifiers, although the most promising rectifier technology, have not been demonstrated at high
THz frequencies with the best MIM diodes operating only up to 150 THz (λ = 2 µm)[41] (more
detail in Section 2.3). Improving MIM fabrication technology and material system design would
potentially yield the solution to the rectenna efficiency.
So far, the reviewed efficiencies were all based on classical approaches, not concerning ther-
modynamic limits to solar energy conversion. In terms of equilibrium, an antenna receiving
power from any source and transferring it to the load must transmit the same amount of power
back to the source[39]. If the power is extracted from the load, the reduction in its temperature
will introduce a different approach to analysing the energy balance between the incoming, ex-
tracted and reradiated powers. In this case, Corkish et al.[39] state that the system would have
the same conversion efficiency limit as the one expected for a solar thermal collector. Assuming
the Sun to be a 6000 K black body and the surroundings to be at 300 K, this limit is 85.4%
for mono-spectral energy conversion and 86.8% for multi-spectral. Further analysis suggests
that the Landsberg[12] limit of 93.3% can be reached due to certain benefits that the rectifying
diodes have in rectennas (see [39] for more details), however this is hard to justify due to the
generation of thermal noise by the rectifiers. Diodes cannot rectify their own thermal noise as
it violates the second law of thermodynamics (known as Brillouin’s paradox[119]).
Lerner et al.[111] developed a thermodynamic expression for the open circuit voltage and
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conversion efficiency of a rectenna with the rectification process based on the geometric prop-
erty of the antenna tip which provides a connection to the circuit and creates a tunnel junction.
They envisioned the possibility of using advanced nanofabrication techniques and a selective
atomic layer deposition process to manufacture nanometer junctions which would potentially
allow for rectification of blue light frequencies[111]. In modelling the circuit of the rectenna,
it can either be considered as a constant voltage source with an emf independent of the load
resistance or as a constant current source whose emf depends on the load resistance. As sug-
gested by Lerner et al.[111], the rectenna device is more appropriately modelled as a constant
current source in which case efficiencies are predicted in excess of 70% for a monochromatic
light source and an optimised device. Should the device be tuned for multiphoton absorption,
the efficiencies are expected to be further enhanced[111]. The question remains as to whether
a suitable technology is yet available to make such structures.
Another analysis on the broadband blackbody radiation response of optical rectennas was
done by Joshi & Moddel[108] by using the theory of photon assisted tunnelling. By assuming
negligible reverse current of the diode, zero dark current turn-on voltage and perfect matching
to the antenna, the device power conversion efficiency at monochromatic light can approach
100%, whereas for multispectral light the value is approaching a maximum at 44% at an oper-
ating voltage of 1.1 V. It should be noted that these authors also suggest that spectral splitting
is likely to improve the efficiency. This can be achieved by setting the operating voltage for
each rectenna to rectify the desired spectral range, thus implying that the operating voltage for
the diodes in rectennas has a similar role to the band-gap as a limiting factor in photovoltaic
devices[108].
With its proven success to receive and rectify monochromatic microwave beams with high
efficiency, there is a growing interest in establishing the true potential of the rectennas’ abil-
ity to convert solar radiation. As seen in Figure 2.6, there are many theoretical approaches
predicting this, however there is no one universal theory that clearly states whether the solar
rectenna can compete with, let alone surpass common photovoltaic cells. There is however,
the common opinion between scientists worldwide that the technology is not mature enough
to fabricate a device of comparable efficiency. Advances in antenna engineering suggest that
it is now possible to manufacture nano sized antennas which can receive solar radiation from
the infrared to the visible frequencies (See more in [34] for a review on Antennas for Rectenna
applications). Work on the rectifier component, a non-linear device such as a diode, has seen
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great progress over the years with many attempts showing great potential for use in rectenna
devices – this will be reviewed in the following Section 2.3.
A recent breakthrough by Gadalla et al.[120] describes a nano-rectenna capable of infrared
detection and rectification at 28.3 THz made possible by a resonant bowtie antenna and a
Au/CuO/Cu MIM diode with a 0.7nm oxide. Even though the efficiency of this device is not
stated, the fact that it is claimed to work as a sensor and not an energy harvester is evidence of
its low conversion efficiency. Despite the success behind this breakthrough, it also shows how
challenging it is to produce a rectenna device for energy harvesting rather than just sensing.
Nevertheless, this first real experimental nano-rectenna has shown advances that will potentially
start a trend of experimental rectenna prototypes in the upcoming future of the field.
2.3 Diodes
A diode is defined as a two terminal electronic device with asymmetric current conductance.
An ideal diode would have zero resistance to current flow in one direction, commonly referred to
as forward bias, and infinite resistance in the other direction – the reverse bias. An associated
property of a diode is its turn-on voltage, which is the bias at which the current starts to flow,
whereas in the opposite bias it is blocked, therefore for an ideal diode this turn-on voltage is
at zero volts. In reality, diodes have an associated leakage current, i.e. they do not completely
block the current in reverse bias, and non-zero turn-on voltage. To achieve a deviation from
Ohm’s law, the normal flow of charge carriers, most commonly electrons, should be restricted
using a potential barrier[121] or geometrical constraint (e.g. Geometric diodes). The former
is dependent on structural topology, where the electron moves across the barrier either by a
thermal activation (e.g. Schottky barrier diodes) or tunnelling through the barrier by a physical
effect (e.g. MIM and MIIM diodes)[121].
The diode is an integral part of the rectenna device, and as an electrical system that has low
resistance to current in one direction and a high resistance in the opposite direction, it is used
to rectify, i.e. convert an AC input voltage from the antenna into a usable DC voltage[122].
Diodes, depending on their configuration within a rectification circuit, can have a half-wave or
full-wave rectification mechanism, illustrated in Figure 2.7.
Half-wave rectification, which is achieved by a single diode in a single-phase[123], yields a
unidirectional pulsating direct current since it rejects the negative voltage signal. As power is
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Figure 2.7: Schematic of a half-wave and full-wave rectification output for a single sinusoidal
time-dependent input voltage. (Reprinted from [122], ©2013 Society of Photo Optical Instru-
mentation Engineers. Reprinted, with permission, from SPIE)
proportional to the square of the voltage, rectification efficiency from a half-wave mechanism is
a factor of 4 below that of a full-wave rectifier[122]. Therefore, full-wave rectification should be
pursued in attempting to produce efficient energy devices as it converts the whole input wave to
one constant polarity at the output and provides a higher average output voltage than the half-
wave mechanism. It is commonly achieved using two diodes and a centre trap transformer or
four diodes in a bridge configuration[123]. However, as previously discussed, within a rectenna
design with a single parallel diode, a clamp circuit is formed that is capable of rectifying the
full wave when used with a low pass (DC) filter.
As discussed in Section 2.2, the rectenna is fundamentally limited by the cut-off frequency
(fc) of the diode, above which the rectification process will become increasingly inefficient.
fc changes with the type of rectifier used due to the physical nature of the diode’s operation
dictated by its potential of achieving a low RC time constant. Schottky barrier diodes have
been demonstrated and are theoretically limited to frequencies of a few THz, due to relatively
higher resistance of semiconductors compared to metals. MIM/MIIM diodes have fast electron
switching speeds, of the order of 10 fs[120], and use metal electrodes, thus providing a low
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resistance. Therefore, they can be used at higher frequencies than Schottky barrier diodes and
are shown to be operational at up to 150 THz[41, 124] with potential of exceeding this and
reaching the visible regime. Three parameters have been defined[28–30, 41], which, if satisfied,
result in characterising a device as a diode rectifier:
fasym(V ) =
∣∣∣∣IF (V )IR(V )
∣∣∣∣; Asymmetry>1 (2.4)
fNL(V ) =
dI
dV
(V )/
I(V )
V
; Nonlinearity>3 (2.5)
fRES(V ) =
d2I
d2V
(V )/
dI
dV
(V ); Responsivity>7V −1 (2.6)
These three Figures of Merits (FOMs) are commonly used to characterise the performance of
MIM devices however can be equally applied to other diodes. The asymmetry FOM, defined in
Equation 2.4, is the absolute ratio of forward to reverse current at a bias, a value of 1 indicating
full symmetry and hence no rectification. The non-linearity FOM, as defined by Equation 2.5,
is the ratio of the differential conductance to the conductance and is a measure of the deviation
from a linear resistor. Finally the responsivity FOM defined in Equation 2.6 is the ratio of
the second derivative of the I-V curve and the differential conductance and is a measure of the
rectified signal as a function of input power. It is essential that the diode in a rectenna exceeds
all of these criteria as the higher the FOMs for the diode, the more efficient the rectification
process.
note: There was some disagreement argued by Tucker & Feldman[125] that responsivity should
be described using second-difference equations and not derivatives in order to understand high
frequency rectification. However, proving which is the correct approach is beyond the scope of
the review in this chapter as the aim is to only bring this theory to the attention of readers.
The author supports the use of derivatives of the I-V curve in analysis of these FOMs.
Recent experimental and theoretical developments of Schottky barrier diodes (used in the
microwave power transmission rectenna), metal-insulator-metal and metal-insulator-insulator-
metal diodes (proposed for solar rectenna), and geometric diodes (proposed for solar rectenna)
will be reviewed in this chapter.
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2.3.1 Schottky Barrier Diodes
Schottky barriers have been used as rectifying devices since the first cat’s whisker detectors
in the first decade of the 20th century. The ‘barrier’ itself is formed within the semiconductor
side of a metal-semiconductor (MS) interface, the result of its conduction and valence bands
bending to align the Fermi levels of each material. The forward and reverse current-voltage
(I-V) relationship within Schottky diodes is in most cases, provided semiconductor doping is
low enough, dictated by thermionic emission, rather than recombination or tunnelling (for a
full description of the fundamental theory of operation of SBD, see Chapter 4).
Within the semiconductor, a depletion region, or space charge region, forms. This is a re-
gion of the semiconductor that is devoid of mobile charge carriers when the device is unbiased,
and as such it can be considered as the dielectric between two plates of a capacitor, so having
a direct influence on the RC time constant. Minimising the capacitance of a Schottky diode
can be achieved through scaling (though this has the equal and opposite effect on the diode’s
resistance), or by increasing the depletion region width by using low semiconductor doping.
Typically, a MS interface is modelled as ideal, omitting the possibility of interface inhomo-
geneity to play a role in the performance of the device. Given the small potential size of a
Schottky rectenna, the impact of such interface inhomogeneity will be the source of significant
device-device variation, and an unpredictability of cut-off frequencies. Therefore, an improved
understanding of how current passes through the interface would allow a more realistic overview
of the potential for such devices to be used in rectennas – this will be analysed in Chapter 4.
Typical Schottky diodes can have good diode characteristics in terms of the FOMs mentioned
in Equations 2.4, 2.5 and 2.6, making them appealing devices for various applications, with the
only drawback being the relatively higher RC constants leading to lower frequency operation.
With appropriate device design in terms of size and interface homogeneity, parasitic capac-
itances and resistances, arising from skin effects and residual native oxide at the MS interface,
can be minimised to have a significant effect on the RC time constant. With silicon the cut-
off frequency has been seen to reach 1 THz obtained by a layer of Ti-Pt-Au on a thin layer
of n-Si[27], whereas 400 GHz has been seen from a simple Ti/n-Si structure[126]. On GaAs,
frequencies of up to 5 THz have been achieved, as reviewed by Sizov & Rogalski[26]. This is
obtained using highly doped GaAs substrate with an Ohmic contact on the back side upon
which a thin (0.3-1 µm) epitaxial GaAs layer is grown, with Pt forming the Schottky contact.
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A honeycomb diode chip design enables thousands of diodes (diameters of 0.25-1 µm) on a
single chip whilst minimising parasitic losses.
As rectifiers in the wireless power transmission rectenna application, SBDs are more than
suitable candidates and as seen in Section 2.2 can operate efficiently. With cut-off frequencies
in the low THz, Schottky diodes may potentially find usage as infrared rectennas although they
will be limited to only function at a fraction of the far-infrared range, where the incident solar
radiation is only up to 0.3 W/m2/nm. The aim is to have solar rectennas operating at the
high THz region where solar radiation is up to 1.7 W/m2/nm, however Schottky diodes will
not be able to efficiently rectify such high signals. Therefore, other approaches such as the
MIM/MIIM and geometric diodes are being considered for the solar rectenna.
Figure 2.8: Schottky diode as the active component for the solar rectenna device - concept
inspired by Knight et al. A showing a band diagram of the proposed photocurrent mechanism,
B showing the device layout and structure and C showing an SEM image of the array of
devices. (Reprinted from [13], ©2011 with permission from The American Association for the
Advancement of Science)
An alternative approach, which was first proposed by Knight et al.[13], is to use the diode
as the active component in a hot-electron device. In this case, the array of nano-metre scale
anodes double as the antennas, in which the incident light causes a localised surface plasmon
resonance. Plasmon decay produces electron-hole pairs and as represented in Figure 2.8A, hot
electrons are injected into the semiconductor after overcoming the Schottky barrier energy.
The reported[13] quantum efficiency of this structure is estimated at being just 0.01%, though
49
improvements are suggested to reach efficiencies of 2%. A recent publication suggests 30%
efficiency of converting “hot electrons” in the metal to electrons in the semiconductor[127],
though full conversion efficiency has not been estimated. In this case, although the device is
based on an antenna coupled to a rectifier (similar components to a rectenna), the device is
not proposed for light harvesting purposes due to its low efficiency and is instead demonstrated
as a photodetector. Development of this concept into energy harvesting applications would re-
quire the conversion efficiency to be increased, though with the current state-of-art, this seems
improbable.
2.3.2 Metal-Insulator-Metal Diodes
Current transport in Metal-Insulator-Metal (MIM) diodes is due to quantum electron tun-
nelling through an ultra-thin insulator layer (typically < 10 nm[33]). Rectification in these
devices is due to variation in tunnelling rates caused by barrier asymmetry due to mate-
rial selection, device geometry, thermal asymmetry, and photon induced deviation in electron
flux distribution across occupied and unoccupied states[31], all contributing towards a non-
linear asymmetric I-V response. Thermionic emission also contributes to tunnel diodes’ I-V
curves[30, 33, 128], especially to devices with thick insulating layers[30]. A comprehensive
discussion on the theory of operation of MIM diodes is explained in Chapter 5.
Experimental devices
Various metal-insulator systems have been used to investigate the rectification behaviour of
MIM diodes. Research attempts are concentrated either towards modelling the behaviour and
rectification properties or improving the figure of merits by optimising the material selection and
fabrication techniques of these structures. As theory suggests, using similar metals in the MIM
configuration should yield symmetric I-V curves, however asymmetric I-V curves have been
reported for Al/Al2O3/Al[129] with structures and experiments conducted by the authors on
Ti/TiO2/Ti and Nb/Nb2O5/Nb devices having also displayed asymmetric I-V curves for these
structures. The origin of this asymmetry is suspected to come from the formation of two differ-
ent metal-insulator interfaces arising from dissimilar deposition processes, thus creating regions
of enhanced leakage currents through the barrier. Other reported structures with optimised
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oxide layers such as Ni/NiO/Ni[18, 21, 22, 130–132], Al/Al2O3/Al[133] and Nb/Nb2O5/Nb
[28, 29, 134] show symmetry in the I-V curves, which is compliant with theoretical predictions.
Although not displaying rectification properties, the Ni/NiO/Ni system is widely used for de-
tection and mixing up to 30 THz infrared radiation due to its significantly low resistance-area
product of 1 Ω(µm2)[18, 21, 22, 131], which indicates the potential for a low RC constant.
However due to a lack of asymmetry, the second Ni electrode must be replaced with a metal of
different workfunction in order to achieve rectification. This has been investigated by Hoofring
et al.[135], Krishnan et al.[136, 137] and Esfandiari et al.[138] with Au, Cr and Pt contacts
respectively, all displaying good asymmetrical I-V response. Other structures of dissimilar ma-
terials which have shown promising results are Al/Al2O3/Ni[14], Nb/Nb2O5/Pt[28, 29, 139],
ZrCuAlNi/Al2O3/Al[140] and also Nb/Nb2O5/Ag[141]. More tested metal-insulator combina-
tions are listed in [28].
ZrCuAlNi was suggested as an electrode due to its low roughness after growth, making it
suitable for MIM devices[140, 142]. However, it is not ideal due to formation of an interfacial
compound at the interface with the insulator. This was highlighted by Grover & Moddel[143],
who anticipated the importance of material selection for a good MIM and that arbitrary com-
binations of metals and oxides are not always feasible, as for example Al/Al2O3/Pt[20] displays
a linear I-V and yet has been successfully shown to work in an antenna-coupled infrared de-
tector. A study by Heiblum et al.[130] tested Al/Al2O3/Al, Cr/Cr2O3/Au, Al/Al2O3/Ag and
Nb/Nb2O5/Au MIMs by exposing them to an IR laser and concluded their poor rectification
properties due to the production of large thermal contributions when exposed to laser radiation.
This is a very useful approach, which must be applied to other MIM candidates for solar appli-
cations. An alternative concept was previously described, consisting of a MIM diode based on a
travelling-wave structure, which although having a symmetrical configuration (Nb/Nb2O5/Nb),
outperforms planar type MIM diodes by three orders of magnitude at µm wavelength[19].
One of the most important findings in this field is a method for characterising the electrical
properties of MIM devices by nanoindentation and later a bent wire technique suggested by
Periasamy et al.[28, 29, 134, 139, 144]. The concept is based on a metal being deposited on a
silicon substrate, after which a continuous oxide is grown and the second electrode is a bent
wire of a desired material. This ensures a small contact area and the ability to characterise a
point-contact type MIM junction. This work is very useful as it gives the chance to study vari-
ous metal-insulator combinations before attempting to optimise planar thin-film diode devices.
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This technique was used to systematically study the influence the metal workfunction difference
has on the electrical properties of MIM diodes (reference [28]). The structures analysed have a
Nb bottom electrode, Nb2O5 insulator grown by anodic oxidation, and eight different metal 2
selections (Hf, Zr, Nb, Ti, Cu, Ag, Au, and Pt). The result was that the workfunction differ-
ence has a direct influence on rectification properties, with the asymmetry increasing sharply
for ∆Φ > kBT . This agrees with theoretical predictions and with the models by Simmons[145].
Conversely, nonlinearity FOM displayed no direct correlation with ∆Φ. The highest FOMs
were observed for Nb/Nb2O5/Pt, which displayed 1500 asymmetry, 4 nonlinearity and 20 V
−1
responsivity meeting the criteria outlined in Equations 2.4, 2.5 and 2.6. Recently, this work
was continued through (reference [30]) the fabrication of 6400µm2 planar devices with the same
Nb/Nb2O5 base and six metal top contacts (Ag, Cu, Nb, Ni, Au and Pt). The work confirmed
a direct linear relation between increasing asymmetry and increasing ∆Φ with Nb/Nb2O5/Pt
showing optimal results with figure of merits of 7742 asymmetry, 4.7 nonlinearity and 52.2 V −1
responsivity. These are to our knowledge the largest FOM values recorded and hence the most
promising structure to be successfully integrated into a solar rectenna.
Periasamy et al.[29] also characterise other oxides with a Nb metal base and Pt bent wire and
prove a hypothesis whereby the best rectification properties are expected from using dissimilar
metals and low barrier heights at each metal-insulator interface in order to sooner promote the
faster Fowler-Nordheim tunnelling in the forward direction. To achieve smaller barriers, high
electron affinity insulators must be selected. Due to this reason, Nb2O5 and TiO2 outperform
Al2O3 and MgO. Another requirement for the insulator is a small dielectric constant since for
small area devices the capacitance is reduced, however due to the requirements for tunnelling
the ultra-thin thicknesses in turn increases capacitance, which has to be kept to a minimum as
per Equation 2.2.
Modelling approaches
Modelling MIM devices is a significant challenge due to the many practical aspects of such
ultra-thin layers. Interface roughness, pinholes and fabrication anomalies may all adversely in-
fluence device performance, and are difficult to account for reliably in the models. Nevertheless,
modelling MIM performance is essential in order to confirm established experimental results and
fully understand device operation as there is always room for improvement. Simmons[145] first
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proposed a model incorporating the WentzelKramersBrillouin (WKB) approximation, which
is frequently used to reproduce MIM I-V curves. This model is very good at predicting for-
ward characteristics, however it overestimates currents passing in reverse bias, leading to close
to symmetric simulated I-V curves for dissimilar metal electrodes. Eliasson[33] developed a
comprehensive model to predict rectification efficiency, tunnelling transmission probability and
estimation of device resistance in thin MIM diodes, with the exception of image forces and
effective mass. Recently Hashem et al.[146] developed more accurate models to simulate the
I-V curves and figures of merit of MIM devices. The model can be used for multiple insu-
lator layers, whereas Simmons model is only limited to single insulator predictions. These
models were shown to accurately trace experimental results reported by Choi et al.[147](on a
polysilicon/SiO2/polysilicon tunnel diode) whilst Simmons simulations predicted almost linear
behaviour. With double insulator devices, the models are accurate in forward characteristics,
however slightly underestimate the leakage currents in reverse bias. Recent work by Cow-
ell III et al.[148] has developed a model to estimate the barrier height formation and tunnelling
effective mass of a MIM diode exhibiting Fowler-Nordheim tunnelling, which can be used to
help assess the impact of different processing conditions on the performance of the device.
Fabrication and Characterisation
Apart from material selection, the fabrication techniques used to manufacture MIM devices
are also important for good device performance. Metal deposition is commonly deposited by
sputtering or evaporation, techniques which are well understood, give high quality thin films
and are industrially scalable. Controlled deposition of the ultra-thin insulator required for tun-
nelling is a challenge. Anodic oxidation[28–30] of the first metal electrode is a good way of
controlling growth of a high quality oxide, however, it is limited to only being able to grow the
derivative oxide of the underlying metal. For research purposes, pulsed-laser deposition (PLD)
supplemented by reflection high energy electron diffraction (RHHED)[149, 150] can be used
for monolayer controlled growth of oxide layers. This technique achieves ultra-thin continu-
ous stoichiometric films of extremely high qualities, however PLD is not industrially scalable.
Alternatively, reactive magnetron sputtering may be used, but there is some uncertainty over
the stoichiometry and thickness control when depositing insulators. One of the most promising
growth techniques is atomic layer deposition (ALD), which is a self-limiting deposition process
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allowing accurate thickness and stoichiometry control similar to RHEED assisted PLD whilst
maintaining a comparably high throughput and possibility of industrial scale processing.
Figure 2.9: SEM image showing an array of nanodiodes produced by growing an MIM multi-
layer, followed by colloidal lithography and Ar ion milling.
MIM device arrays of nanometer gap junctions over cm2 areas[31], to create metal-vacuum-
metal tunnel junctions which have similar properties to MIM diodes, also present a fabrication
challenge. Common lithographic techniques have been used, but the economically viable tech-
niques are limited to micron scale devices. However when the common lithographic techniques
are supplemented by a recently optimised selective area atomic layer deposition technology[151],
tunnel junctions of approximately 1 nm can be produced. This enables designs of antenna-
rectifier coupled devices other than the more common planar types, which have great potential
for success (see Miskovsky et al.[31]). Another challenge is fabricating arrays of nano-scaled
lateral diodes to be of the same size scale as required for high frequency antennas. Bareiß et
al.[152] have developed a highly efficient method for producing an array of several million nan-
odiodes by temperature-enhanced transfer printing. These devices were characterised with a
conductive atomic force microscope setup (C-AFM), which showed good asymmetry in the I-V
response of the nanodiodes. An alternative technique was featured in [34], which involves the
deposition in a vacuum of the full MIM layers, followed by colloidal lithography and Ar ion
milling to give an array of nanodiodes (Figure 2.9), and preliminary C-AFM confirmed asym-
metry.
Current MIM tunnel diodes remain limited to rectify the infrared part of the solar spec-
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trum due to their RC time constant. In a study to confirm the applicability of MIM diodes to
solar rectennas, Grover & Moddel[143] conclude that efficient coupling between antenna and
rectifier must be achieved, which implies that the rectifier impedance must be around 100 Ω as
identified by Ma & Vandenbosch[112]. Results by Chin et al.[30] show promising improvement
in MIM performance, although the structure has a limited current density passing through it
due to the relatively thick oxide used (15nm). MIM diodes appear to be a good candidate for
the rectifiers in a solar rectenna and the ever increasing success in modelling, characterisation
and fabrication of these multi-layered devices have shown their potential.
2.3.3 Metal-Insulator-Insulator-Metal Diodes
The addition of another Insulating layer was proposed as it would benefit the rectification
properties of the tunnel diode. Using Metal-Insulator-Insulator-Metal (MIIM) devices, the
diode figure of merits are improved over the single insulator case. Asymmetry here can be
achieved even with similar metal electrodes, as long as the electron affinity of both insulators
is different. Full discussion on the theory of operation is outlined in Chapter 6.
MIIM devices were first introduced for solar based applications by Phiar Corp. and patented
by Eliasson and Moddel[153, 154]. The performance of MIM and MIIM diodes as infra-red
detectors was compared by Hegyi et al.[155] by simulating their responsivity. It was shown
that the MIIM diode has 10 times higher responsivity than a derivative MIM diode. This was
experimentally shown by Maraghechi et al.[156] who recorded up to 10 times better nonlinearity
for a Cr/Al2O3/HfO2/Cr diode compared to Cr/Al2O3/Cr and Cr/HfO2/Cr diodes. A more
applicable example is by Grover & Moddel[157], who compared their W/Nb2O5/Ta2O5/W
structure to an MIM Diode with equivalent barriers as that of a W/Nb2O5 on one side and a
W/Ta2O5 on the other side, again clearly showing improved response from the MIIM device
(Figure 2.10).
Material selection for MIIM diodes has similar criteria to that of MIM, in that the structure
has to exhibit one kind of tunnelling in one direction and another tunnelling mechanism in the
other, thus promoting highly asymmetrical nonlinear I-V curves. A significant challenge is
fabricating two ultra-thin, stoichiometric, high quality insulators. The appropriate technique
for research purposes is RHEED PLD, although ideally ALD would be the better option in
terms of prospects for industrial scaling. Alimardani et al.[158–160] have researched the use of
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Figure 2.10: Energy-band profiles for the W/Nb2O5/Ta2O5/W MIIM diodes discussed by
Grover & Moddel (left) under forward and reverse bias for the resonant (a and c) and step
(b and d) diodes, and their corresponding I-V curves also compared to an Asymmetric MIM
diode (right). Notice how current enhancement for the resonant diode is in forward bias, whilst
that for the step diode is in reverse bias. (Reprinted from [157], ©2012 with permission from
Elsevier)
ALD for depositing the double insulators required to produce efficient MIIM diodes. A recent
patent[161] proposes the use of a triple-insulator barrier which adds further complexity to the
fabrication process. The models created by Hashem et al.[146] will help identify which material
systems to concentrate experimental efforts on. Improved performance from multiple barrier
tunnel diodes is yet to be realised but the few reports that exist suggest significant potential.
Integration with antenna for solar rectenna would also have to be researched as the addition of
extra insulators may have a deleterious effect on the RC constant preventing these devices to
be used at high frequencies although their rectification properties are clearly superior.
2.3.4 Geometric Diodes
Geometric diodes are devices that display rectification properties due to the difference in
charge carrier transport probabilities from one electrode to another as a result of a geometric
constraint. An increasingly popular concept patented by Moddel[162] consists of a thin film
patterned into an inverse arrowhead[163] configuration shown in Figure 2.11(a). The electrodes
are placed on top of the thin film at both ends of the structure. The width of the neck, dneck,
is of the same magnitude as the mean-free path length (MFPL) of the thin film material in
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order to obtain rectification[163–167]. Looking at Figure 2.11, an assumption is made by which
charge carriers experience specular reflections at the boundaries[164]. At zero bias, the distri-
bution of carriers is random and scattered across the left and right side of the structure and no
net current flow is observed. Upon applying a bias, carriers gain extra velocity in addition to
their random thermal drift. For a plain non-constrained geometry, there will be equal net flow
from one end to the other, which would define a completely linear I-V characteristic (Ohmic
behaviour for perfect conductors). By applying a geometric constraint as the one shown in
Figure 2.11, the motion of the carriers is influenced and favoured in one direction. Carriers
moving from the left to right either pass directly through the neck or collide against the angled
edge and eventually channel through the neck[163–166]. On the right hand side, most of the
carriers are blocked and reflected away from the neck by the vertical blocks[163–166]. The
probability of electrons passing from the left to the right is enhanced over the probability of
them passing from right to left due to the funnel-like construction in the forward direction. The
neck is required to be of the order of the MFPL, otherwise the probability of electrons passing
in reverse direction will increase significantly and compromise the rectification performance.
Figure 2.11: (a) Schematic of a geometric diode theory of operation. (b) SEM image of a
graphene geometric diode with metal contacts developed by Zhu et al. (Reprinted from [163],
©IOP Publishing. Reproduced by permission of IOP Publishing. All rights reserved.)
Neck design is crucial to successful geometric diode performance and is therefore one of the
governing factors in the material selection criteria for the device. The material would also have
to withstand high current densities through the neck[163]. Metals are suitable to be used[143],
however, their MFPL at room temperature is 10-30 nm[168], which complicates the patterning
process and requires expensive techniques such as electron-beam lithography. Graphene has
been identified as a suitable and promising alternative to be used in geometric diodes[162–
165, 167]. Advantages of graphene are that the MFPL can be tailored up to 1 µm[169] which
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means that common lithographic techniques can be used for device patterning and fabrication,
resistances are low enough to be matched to the antenna impedance[163], and very low capaci-
tance values of the order of 1 aF[165] lead to a low RC time constant of around 1.6 fs[164]. All
these benefits identify their potential to be used at infrared and even optical frequency recten-
nas. Recent work on graphene geometric diodes has shown optical frequency rectification at
10.6 µm wavelength radiation (equivalent to 28 THz) matched with both a metal or a graphene
bowtie antenna[163]. Further improvement in the design of these diodes could improve the
performance of the device and potentially reach operational frequencies in the visible regime.
2.4 Rectenna Design
Learning from the success in optimising the microwave rectenna, it can be seen that appro-
priate circuit design is of paramount importance for increasing the performance and efficiency
of the device. The solar rectenna is an entirely different challenge as it is constrained by
physical limitations and complex material selection criteria and trade-offs. Research is mainly
concentrated towards manufacturing and characterisation of antenna and rectifier components,
where novel technologies are emerging and great improvement has been seen over the years.
Nevertheless, designing the best rectenna architecture is as equally important as optimising
its two main constituents. There are many publication on antenna-coupled rectifiers used for
optical[13–17] or infrared[18–25] sensing whereas, to the best of the author’s knowledge, there
is no antenna-rectifier device reported to harvest electromagnetic energy at the high solar fre-
quencies. The gap between sensing and harvesting lies in how efficiently the incoming signal
is converted and this is what limits the realisation of a true working solar rectenna. In this
section, a few rectenna architectures proposed in the literature, which could result in future
success are reviewed.
Rectennas can either be designed as a planar device or have a geometrical constraint. The
diode is used as a passive component with the sole purpose of rectifying the AC signal generated
from the antenna. In this case the requirements for the diode are emphasised on low resistance
and capacitance (resulting in high cut-off frequency), and high I-V asymmetry at a small bias
(implying low leakage current and low turn-on voltage). Both planar and geometric designs are
suitable for employing this function of the diode. The following three architectures utilise the
diode’s ability to rectify current.
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Figure 2.12: Schematic diagram of an infrared detector proposed as a suitable design for a
solar rectenna. The structure consists of a dipole antenna coupled to a metal-oxide-metal
diode. (Reprinted from [20],©2009 with permission from American Vacuum Society)
Figure 2.12 shows a dipole antenna coupled with a metal-oxide-metal diode based on an
Al/AlOx/Pt structure. This type of architecture is used for IR detection[18–20, 23] and up to
28 THz[18] can be sensed with a Ni/NiO/Ni diode. Arrays of the structure can be fabricated
either with e-beam lithography or a more economical nanotransfer printing process, which does
not compromise the quality of the tunnel junction[23]. This design gives the benefit of pro-
ducing small area diodes directly coupled to an antenna, which can be tailored to the length
scale of the desired operating frequency. With appropriate material selection and improved
impedance match, the cut-off frequency can be increased[18] and electromagnetic energy could
potentially be harvested rather than just detected.
A common approach in rectenna design is a simple planar structure which is composed of
antenna-rectifier arrays on a single chip (Figure 2.13a). The size of the individual Rectennas
in the array depends on the aimed harvesting frequency, i.e. for the visible range the recten-
nas should be of nano-scale dimensions whereas micro-scale would suffice for the near-infrared.
Alternatively, the device can be designed as having a common rectifier with an array of anten-
nas (Figure 2.13b) – bowtie, patch, spiral, etc. The limitations are impedance matching and
antenna and rectifier cut-off frequency. With the ever increasing technological advances and
device modelling, the necessary goals are seen as realistic and feasible.
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Figure 2.13: Schematic diagram of a MIM-based planar-style rectenna architecture with a.
rectenna array and b. antenna array with common rectifier.
Finally, Figure 2.14 shows schematics of the approach proposed by Miskovsky et al.[31].
This design consists of an array of needle-like nanostructures, which have been designed to
utilise a geometric constraint for the tunnelling mechanism. At the tip of each nanostructure, a
1 nm junction is formed which can either form a MVM-type barrier or if an insulator is placed
then the barrier will be an MIM-type. The fabrication of this type of structure is very com-
plex, but was recently optimised by use of selective area atomic layer deposition – a technique
developed and patented by Prof. Brian Willis of the University of Connecticut[151]. Similar
design can be implemented with the described Graphene geometric diode[163] where instead
of leaving a tunnel junction, the tip of the needle-like nanostructure is brought close to the
collector electrode. This rectenna design is very promising and yet to be optimised in terms of
material selection, ease of manufacturing and reliability.
Another planar device design has already been introduced in Section 2.3.1, whereby the
rectifier is employed as an active component producing a current enhancement as a result of
hot electron injection into the metal and crossing over a Schottky barrier, which is seen as a
reverse current enhancement in an I-V plot (similar to what is observed during the photovoltaic
effect). The design necessitates a diode with low barrier height, low leakage current and a suit-
able top metal to increase the amount of electrons excited to a higher energy state. It must
be made clear that this device, although having components similar to a rectenna, is funda-
mentally different to the rectenna. With rectennas, the aim is to optimise the absorption by a
load, whereas for hot-electron devices it is in optimising the absorption efficiency of the LSPR
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Figure 2.14: Schematic diagram of the rectenna design proposed by Miskovsky et al. showing
a top (a), side (b) and 3D (c) view. (Reprinted from [31], ©2012 N.M. Miskovsky et al.)
61
nanoparticle. A good review of hot-electron devices can be found in [170]. Efficiency estimates
for rectennas prevail to those for hot-electron devices, although this remains an intriguing field
for future development.
2.5 Summary
In this Chapter, the operation of the rectenna device has been reviewed from its initial
concept as a receiver in microwave power transmission through to developments in pursuit of
high-efficiency solar harvesting. Rectennas have been studied extensively for application in
wireless energy transmission by use of man-made microwave energy with conversion efficien-
cies as high as 92%, which brings optimism to the goal of beating the Shockley-Queisser limit
by achieving high-efficiency solar rectenna energy converters. Efficiency trends have been re-
viewed, where experimentally obtained efficiency values for rectenna devices have shown an
overall decrease with an increase in operating frequency. Although there is no agreement on an
optimised model for characterising the performance of a rectenna, all theoretical work suggests
that to improve efficiency, three criteria must be met – 1) efficient reception by the antenna
at the desired frequency, 2) a high cut-off frequency diode to efficiently rectify the incoming
signal and 3) impedance matching between antenna and rectifier to avoid signal transfer losses.
Solving these three challenges would result in efficient device operation, which has the poten-
tial of operating at higher thermodynamic efficiency than current photovoltaic cells. Work on
improving the performance of the rectifier has been reviewed showing substantial technologi-
cal advancement and improved theoretical understanding of this device. Rectenna design also
plays a major role in optimising the device and a few architectures have been discussed for
their suitability. It was finally argued that the most essential future work required is to build
rectenna devices based on optimised technology and design, as this is currently lacking in the
literature. Attempts have been made on antenna-rectifier devices which have been aimed to
work as IR or visible light sensors. Fabricating rectenna prototypes will enable scientists to
characterise and assess their performance, giving them opportunity to identify new areas for
necessary optimisation.
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Chapter 3
Fabrication and Characterisation
techniques
T
his Chapter provides a brief introduction into the main fabrication and character-
isation techniques used for this work, in terms of their fundamental theory and
suitability over alternative techniques. These include – Sputter Deposition (SD),
Pulsed Laser Deposition (PLD), Reflection High Energy Electron Diffraction (RHEED), Pho-
tolithography, Reactive Ion Etching (RIE), Ion Milling and Four-probe electrical testing.
3.1 Sputter Deposition
Sputter deposition is a widely used versatile thin film deposition method, popular for grow-
ing materials that are difficult to grow using chemical vapour deposition (CVD) due to lack
of suitable precursors[171]. Examples include metallic Ohmic contacts, diffusion barriers such
as TiN, electrical insulators such as SiO2, semiconductors, coatings, etc.[171, 172] Advantages
of this technique include good adhesion, low-temperature epitaxy, small grain size with many
orientations and uniform thickness over large planar areas. Sputtering systems require a high
vacuum environment and a clean inert working gas, such as Ar or Kr, due to the reactive nature
of the sputtered ions[172]. A basic sputter system is one that uses either DC or RF power in
a construction where the target material is the anode, from which atoms are sputtered to the
substrate acting as the cathode. The more advanced system is one employing a magnetron
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configuration, applicable to both conductive (DC and RF) or insulating (RF only) target ma-
terials. The Mantis™ QPrep Deposition system used for this work features 2 DC and 1 RF
magnetron sources. Sputter deposition is an industrial, easily reproducible technique with a
high throughput and comparably inexpensive. In this section, the fundamental principles of
magnetron sputtering will be introduced.
The process of sputtering requires the creation of a glow-discharge by flowing an inert gas
(e.g. Ar) and applying a bias. Upon flowing a direct current or radio frequency, the free elec-
trons in the static electric field between the cathode and anode are accelerated in the electric
field, gaining enough energy to ionise the Ar gas atoms[173, 174]. Argon ionises to form cations,
Ar+, which are accelerated towards the target material due to the magnetic field created by
the magnetron configuration (Figure 3.1). When an atom with an energy of more than 30
eV hits a surface, a small fraction of the energy and momentum of that incoming ion will,
through lattice collisions, be reversed and may cause ejection of surface atoms (what is known
as sputtering)[174]. Argon cations typically have energies of 10 keV, which makes them ideal
for high yield sputtering. With target atoms, secondary electrons are also ejected from the
surface of the target material, known as γ electrons. These electrons are accelerated in the
electric field to cause further ionisation of the inert gas. In a magnetron configuration, the
γ electrons are trapped and forced to describe helical paths around the lines of the magnetic
force (Figure 3.1). Furthermore, the magnetic field attracts electrons which are radially dif-
fused out of the glow-discharge. These two factors account for an increased rate of ionisation,
by up to a factor of 50 compared to conventional sputtering[174], thus resulting in an increased
availability of cations with sufficient energy to cause target atoms to sputter, i.e. increased
sputter yield, and as a result increased deposition rates. Sputtered atoms are neutral and are
not affected by the magnetic field, possessing enough kinetic energy to be transported to the
substrate located above the target. Inelastic collisions with Ar atoms and cations cause sput-
tered atoms to deposit everywhere in the vacuum chamber. At the substrate, the thin film can
grow either layer-by-layer, coalescence of islands or mixed, depending on the energy of newly
arriving particles, their oxidation state and the supersaturation.
With DC sputtering both electrons and ions follow the switching of the voltage, which
causes charge build up during cation bombarding if dielectric targets are used. The solution is
to use alternating current by RF sputtering, where, due to high frequencies (>1 MHz), for a
small part of the RF cycle, the cathode and anode are electrically reversed, thus the heavy ions
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Figure 3.1: Schematic of the Magnetron Sputter Deposition process. (Reprinted from [175])
cannot follow the voltage switching, whereas electrons do and neutralise the charge build up on
the electrodes. A further advantage of the RF system is that electron movement is enhanced
and as a consequence the probability of an ionising collision increases, which leads to increased
plasma density compared to the DC system, i.e. faster sputtering process[172]. For both DC
and RF sputtering, the growth quality depends on the substrate temperature, deposition pres-
sure, gas flow and applied power/current. These conditions were optimised to grow high quality
thin films for this work (see Appendix A.6 for a summary of the growth conditions).
3.2 Pulsed Laser Deposition
Pulsed laser deposition (PLD) is a widely used research-lab technique, that offers the ability
to grow epitaxial thin films of dielectric materials. The stoichiometry of the target material
is transferred to the substrate using a short-pulse high energy laser beam inside a vacuum
chamber. Each laser pulse heats the surface of the target until its evaporation point, creating a
highly directional and dense plasma plume containing atoms, molecules, electrons, ions, clusters,
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etc. which are transported and grown at a substrate (Figure 3.2). Uniform film growth is
limited by the area of the plume, which is varied by the material used, chamber pressure, laser
power and frequency, and target-to-substrate distance. Therefore only one quality sample can
be produced on a single deposition cycle, although repeatability is easily achieved. Substrate
temperature and partial pressure of the reactive gas also have an effect on the quality and
repeatability of the growth. A further advantage of the PLD technique is the possibility to
easily achieve layer-by-layer growth, which is required for RHEED in-situ growth monitoring,
described in the following section. (See Appendix A.9 for PLD conditions used to grow thin
films for this thesis)
Figure 3.2: Schematic of the Pulsed Laser Deposition process. (Reprinted from [176], ©IOP
Publishing. Reproduced by permission of IOP Publishing. All rights reserved.)
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3.3 Reflection High Energy Electron Diffraction
Reflection high energy electron diffraction (RHEED) is a surface characterisation technique
used to monitor film growth in-situ during the course of the deposition process. It consists of
a differentially pumped electron gun, producing an e-beam at grazing incidence to the sample
surface, typically 0.1 - 5°[177, 178]. At these angles the penetration depth is a few atomic
layers, where the e-beam is diffracted towards a phosphorescent screen, recorded live by a CCD
camera to provide feedback to the user[177, 178]. The diffraction pattern observed can be used
to determine information on the surface of the sample, such as lattice parameters, in-plain
strain, crystallographic coherence and surface roughness[177]. Furthermore by monitoring the
real-time intensity of a RHEED diffraction spot, the growth mode of the film can be determined,
thus enabling live thickness control during deposition[178].
With PLD, the RHEED spot intensity decreases upon initiating the growth, because the
adatoms on the surface scatter the electron beam out of the reflection[149]. If a layer-by-layer
growth is achieved, the change in RHEED intensity is observed in an oscillatory behaviour[177,
178]. As a monolayer is grown, the surface is distorted as it becomes increasingly more rough,
which leads to a decrease in intensity of the diffracted RHEED spot which is under observation.
When sufficient coverage of the surface is achieved, the intensity begins to increase until it falls
off again, marking the start of a new monolayer growth. Appendix A.9.2 shows an example
of layer-by-layer growth obtained from growing STO on SRO – each oscillation relates to a
complete unit cell of material grown, which occurs at a set amount of pulses, thus providing
the possibility to control the thickness of the growth with unit cell precision.
3.4 Photolithography
Lithography is a process by which a pattern from a photomask is transferred onto the surface
of a substrate material using a radiation source, commercially widely used in the production of
integrated circuits (IC). There are 4 lithography types, depending on the radiation source used
– Photo-, X-ray, Ion-beam and Electron-beam. These all give different resolution, which range
between 1 µm for photolithography and sub-100 nm for E-beam lithography with evidence of
2 nm patterning provided by ref [179]. Following the pattern transfer, a device can be com-
pleted using either an additive or subtractive processing route. The former is when a thin-film
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is deposited onto the surface of the sample, using for example SD or PLD, and following a
lift-off procedure a pattern of the thin-film is formed on the surface of the sample. Whereas the
subtractive processing route is when the uncovered part of the sample is etched, for example
by RIE or Ar ion milling, and after the PR stripping the pattern is left on the sample surface.
A 1 µm resolution suffices the requirements for the research carried out in this thesis as the
device size is within this resolution, therefore the photolithography technique was chosen. Fur-
thermore, this is the cheapest of all optical lithography techniques, which meets the objectives
set out in Chapter 1. The procedures and parameters used to perform the photolithography
technique for this work are summarised in Appendix A.3.
3.5 Reactive Ion Etching
Reactive ion etching (RIE) is a dry etching technique which permanently transfers a pattern
created by photolithography to the underlying layer(s) on the sample substrate. The process
occurs in a vacuum chamber, where a glow-discharge is created by an application of either radio
frequency (RF) or direct current (DC) electric field, which accelerates sub-micron ion particles
of the etchant gas, bombarding the sample surface. This etching process can either be physical,
chemical or combined, depending on the used reactive gas. If argon gas is used, a plasma
containing Ar+ ions forms that will be accelerated towards the surface and ions with sufficient
high energy will physically sputter off atoms from the target surface in a highly anisotropic and
low selectivity process. An example of a chemical etching process using RIE is if CF4 gas is
used. With this gas a plasma is formed, which contains free radicals (F•), positive ions (CF+3 ),
electrons, photons and neutrals. The CF+3 ions diffuse from the plasma onto the surface of
the sample (note: the electrode becomes negatively charged after a plasma forms as electrons
build up due to having faster mobility than the ions), and create active sites which stimulate
reactive radical adsorption and reaction with the surface. The reaction of the F• radical with
surface atoms produces volatile species, which typically have a higher vapour pressure at the
substrate temperature, thus desorbing from the surface and are pumped out by the vacuum.
The associated chemical reactions for this isotropic, high selectivity chemical etching process if
Si is the target surface are as follows:
e− + CF4 −−→ CF3+ + F• + 2 e− (3.1)
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Si + 4 F• −−→ SiF4(volatile) (3.2)
During the RIE process, both the photoresist and the uncovered layer(s) are being etched by
the reactive gas, however the PR material used should be one that has a slower etch rate in
order to protect the covered material. Oxygen can also be used to create a plasma environment
in the RIE chamber. In this case, the target surface would be oxidised as a result of O2− ion
bombardment. Therefore this technique can alternatively be used for oxidation. The etch rate
(or oxidation rate) is affected by RF power, which influences the incident ion energy, gas flow
and pressure. Appendix A.4 summarises the Si etching conditions used for this work.
3.6 Argon Ion Milling
Argon ion milling is another dry physical etching technique used to permanently transfer a
photolithography created pattern to the sample surface. Again, the process requires a vacuum
environment and a glow-discharge, however fundamentally it is different to the RIE method.
Within the vacuum chamber, an ion gun generates Ar+ ions by flowing Ar gas and generating
a plasma using an applied RF bias (refer to Figure 3.3). Ar+ ions pass through a screen grid
with an applied bias, which defines the ion energy, following this, the ions are accelerated by an
accelerator grid at negative potential, which induces a directional flux. The current from this
directional ion flux is measured by the shutter of the substrate holder stage. This ion current
is what governs variation in milling rate. The stage on the Oxford Applied Research™ IM150
ion milling system has the capability of rotation for homogeneous milling and 45°to 90° tilt
with respect to the ion source, which affects the morphology and milling rate. A tungsten, W,
filament placed at the outlet of the ion gun is activated to supply electrons to neutralise the ion
beam. Milling is initiated with the removal of the shutter. A highly directional flux of energetic
Ar atoms bombard the surface and sputter off material, which is pumped out by the vacuum.
Similar to RIE, the photoresist is also milled, however the rate is slower than the milling rate of
the aimed material to be etched. The Ar ion milling process has a highly isotropic etch profile
with low selectivity. The parameters used for this work are summarised in Appendix A.8.
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Figure 3.3: Schematic of the Ar ion milling process.
3.7 Four-probe electrical testing
All devices in this work were analysed with a four-probe force/sense setup on a Signatone
S-1160 probe station and the electrical measurements carried out on an Agilent Technolo-
gies B1500A Semiconductor Device Analyser (Figure 3.4). A four probe setup is chosen for
current-voltage (I-V) measurements rather than a two probe as it reduces parasitic resistance
contributions from the probes, wires and contacts. This is because with a two probe setup a
current is sourced and flows through the unknown resistance. The voltage that develops across
the resistance is measured by dividing the measured voltage by the sourced current (Ohm’s
law). In this case, the voltage is not only measured across the desirable resistance, but also
includes resistance from wires and the contact points. This contribution leads to high inaccu-
racies when dealing with small resistance measurements. With a four probe setup a second set
of probes is used for sensing and since the current that flows through them is negligible, only
the voltage drop across the tested device is measured, hence the I-V curve that is generated is
much more accurate. Some contribution of resistance from the wires is present but the overall
result for series resistance of the devices is more realistic than with a two-probe setup. A two
probe setup is used for capacitance-voltage (C-V) measurements as the resistance contribution
is negligible to the accuracy of the capacitance measurement results.
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Figure 3.4: Schematic 4-probe I-V set-up on a Schottky barrier diode sample connected to the
Semiconductor Network Analyzer.
3.8 Summary
This Chapter featured a brief introduction to the principles of the used fabrication and char-
acterisation techniques. Optimised step-by-step fabrication descriptions for Schottky barrier,
MIM and MIIM diodes are given in their respective results Chapters to follow.
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Chapter 4
Si-based Schottky barrier diodes
S
chottky barriers form at the interface of a metal and a low-doped semiconductor
and occur in various electronic devices. A typical example of where this electronic
phenomenon occurs is the Schottky barrier diode (SBD), which has been heavily re-
searched throughout the years. High-end semiconductors such as SiC and GaAs yield some of
the best performing devices, with the highest cut-off frequency GaAs SBD currently recorded
at 5 THz[26]. Within this Chapter, the selected semiconductor for SBD research is n-type
silicon, and although Si is more resistive than GaAs, the highest cut-off frequency recorded at
1 THz[27] makes it a popular choice for device research due to its ease of use during fabrication
and the economic benefits compared to other semiconductor materials.
The Chapter will feature the optimised in-house fabrication steps used to produce the stud-
ied SBDs, the fundamental principle of operation of Schottky barrier diodes, a summary of the
performance metrics required to classify suitable devices for use in energy related applications,
and an outline of the methods used to analyse the I-V curves. A number of different Metal-Si
SBD devices will be analysed, comparing their I-V characteristics and extracting their distinc-
tive parameters such as the Schottky barrier height (SBH), the ideality factor (η), low-bias
rectification, series resistance, cut-off frequency and leakage current. The performance of the
devices will be discussed in line with the criteria set out in Section 4.3 to identify any suitable
structures that can be implemented for energy applications as either a passive or active device.
As the samples were grown in a non-cleanroom environment, the interface of the metal and
semiconductor is expected to be inhomogeneous, and this was realised by analysing the ideality
factor variation between individual samples within the array of the same sample batch.
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4.1 Fabrication steps
Schottky barrier diodes were fabricated, with Si being the selected semiconductor through-
out. The silicon wafers, highly n-doped (1.2 x 1019 cm−3) (100) Si with a 2 µm lightly phospho-
rous doped (1 x 1016 cm−3) epitaxial layer, were supplied by Si-Mat™. (note: highly n-doped
will hereafter be referred to as “n+” Si and lightly n-doped will be referred to as“n-” Si)
A lateral device construction was chosen to minimise series resistance contribution as there is
minimal Si between the front and back contacts, whereas with plain type devices, the current
passes through the full thickness of the substrate material. Furthermore, Shockley-Read-Hall
recombination is minimised in a lateral diode configuration, this having a positive effect on
the ideality factor of the devices. A 15 step procedure, including three lithographic masks and
an additive process, has been designed and optimised, in-house by the author, to produce Si
Schottky barrier diodes for this work, details are listed:
1. Preparation of 10mm2 Si substrates
The 4” Si wafers are cut into small pieces, measuring roughly 10 by 10 mm, using a
diamond cut. A scratch is applied along the edge of the wafer, followed by manually
cleaving the silicon under a stream of tap water to avoid pieces of cleaved material to
deposit on to the surface.
2. RCA standard clean
RCA cleaning is an industry standard procedure used to prepare silicon substrates. It
is used here to remove organics, metals and native oxide present on the surface of the
cut Si substrates. The full RCA procedure is outlined in Appendix A.1. Native oxide is
detrimental to the performance of Schottky diodes and therefore should be removed.
3. Oxide thickness characterisation
After the cleaning procedure and immediately prior to photoresist spin coating, the suc-
cess of removing the native oxide is confirmed by a quick run with the Filmetrics™ tool.
(see Appendix A.2 for details on this procedure)
4. First photolithography step
The first photolithography step is performed using Mask 1 (see Figure A.2, Appendix
A.3.1). It is comprised of different size ovals, chosen to protect the area where the top
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metal layer will be deposited plus a small buffer region that will separate the back and
front contact in this lateral architecture. (photolithography procedure is outlined in
Appendix A.3.2)
5. Reactive ion etching
The area uncovered by photoresist is etched from the 2 µm n- Si layer by use of CF4-
plasma etch in a Sentech™ Etchlab 200 Reactive Ion Etcher (RIE). This creates mesa
structures and exposes the higher doped substrate. (RIE details are summarised in Ap-
pendix A.4)
6. Etch depth characterisation
For quality control, although the above step has been optimised to give standardised etch
depth of the Si, the etch depth of each sample is confirmed to be above 2 µm using a
Veeco Dektak™ 150 stylus profilometer by Bruker™ Corporation (Appendix A.5).
7. Second photolithography step
Mask 2 (Figure A.3, Appendix A.3.1) is used here, which has ovals with larger area than
Mask 1. This will ensure that the back and front contact are separated by a trench with a
depth equal to the RIE etch depth. (photolithography procedure is outlined in Appendix
A.3.2)
8. Back contact deposition
The diodes’ cathodes are formed by Ti sputter deposition on the exposed and roughened
n+ Si surface. (Sputtering conditions are summarised in Appendix A.6) Titanium was
chosen due to its consistent presence in the Mantis™ QPrep Deposition System.
9. Metal lift-off
The photoresist is dissolved by sonicating the sample in acetone for 30 seconds. This
lifts off the metal from the areas protected by the resist, leaving behind the back contact
metal. A 10 second de-ionised water sonication is performed to clear away any residual
acetone on the surface of the sample.
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10. Growth characterisation
The Ti back contact thickness is measured using the Dektak™ 150 profilometer (Appendix
A.5). A typical thickness of 300nm is grown, monitored in-situ the deposition chamber
via a Quartz Crystal Microbalance (QCM).
11. Rapid thermal anneal
To ensure a good Ohmic contact with minimal stray resistance contributions, the sample
is subjected to a rapid thermal anneal (RTA) using a Heatpulse™ 610 system for 30s at
800℃ in argon ambient. The RTA process creates titanium silicides in the Ti/Si interface,
which contribute to a less resistive conduction path, thus ensuring a well operational
cathode contact. (more detail in Appendix A.7)
12. Third photolithography step
The last photolithography step is performed using Mask 3 (Figure A.4, Appendix A.3.1).
This is an inverse mask, covering the back contact and the buffer trench region, and
uncovers the area where the top contact will be formed. (photolithography procedure is
outlined in Appendix A.3.2)
13. HF dip
Immediately before the anode deposition step, the sample is dipped in a 5% concentrated
HF solution to ensure that any native oxide that has grown during the above steps is
removed (as detailed in Step 3., Appendix A.1). This is essential to ensure that the
Schottky interface has no residual oxide that will cause recombination currents to arise.
14. Top contact deposition
The diodes’ anodes are formed by metal sputter deposition on the exposed n- Si surface.
A selection of top contact metals have all been tested - Al, Au, Ag, Cr, Mo, Nb, Ni, and
Ti.
15. Metal lift-off and growth characterisation
The final step is to lift-off the metal in a similar process as outlined in step 9. The
thickness (300nm) is characterised as in step 10. Figure 4.1 displays the final structure.
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Figure 4.1: a) Schematic of the lateral Schottky diode structure formed within this work. b)
An optical microscopy image of a single Schottky barrier diode device.
4.2 Principle of operation
To understand the fundamental principle of operation of Schottky diodes, a metal with a
higher workfunction than the semiconductor and an ideal Metal-Semiconductor (MS) contact
are considered, the following three assumptions are made for an ideal MS interface – 1) the
metal and semiconductor are assumed to be in intimate contact on an atomic scale, with no
layers of any type (such as oxide) between the two; 2) there is no inter-diffusion or intermixing of
the metal and semiconductor; 3) there are no adsorbed impurities or surface charges at the MS
interface[180]. The analysis involves a n-doped semiconductor, thus making the MS contact a
Schottky barrier to electron transport from the semiconductor to the metal under forward bias
(note: if a p-doped semiconductor is used, then in forward bias the Schottky barrier is to hole
transport). Figure 4.2 shows the energy band diagrams of a metal and a n-type semiconductor
prior to contact.
An ideal contact between the metal and semiconductor is made by aligning the Fermi levels
(Figure 4.3) and as a result band bending is observed, creating a depletion region, W, and a
barrier, called the Schottky barrier, Φ0B,n, that the charge carriers (in this case electrons due to
the n-type doping) need to pass over/through to be injected into the metal. (note: Φ0B,n refers
to the theoretical maximum MS barrier formed, without considering real-world effects such as
image-force barrier lowering or tunnelling. The subscript n depicts that this is an electron
barrier as a result of n-type doping, p would be used for p-type doped barrier. ΦB will be used
hereafter to refer to a simple MS offset, i.e. non-ideal barrier height)
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Figure 4.2: Surface-included energy band diagrams for a metal (left) and a n-type semiconductor
(right). Terms defined: E0 is the vacuum level; the energy difference between the vacuum level
and the Fermi level, EF , is the workfunction, Φ, of the material; the energy difference between
the vacuum level and the conduction band, EC , is the electron affinity, χ, an invariant property
of a material; EV is the valence band and Ei is the intrinsic (undoped) energy level.
In order to characterise the MS contact formed, the active current transport mechanism
must be known. With lightly doped (n-) semiconductors, the current flows as a result of
thermionic emission (TE), shown in Figure 4.4a, where electrons are thermally excited over the
barrier[181]. In the intermediate doping range (Figure 4.4b), thermionic-field emission (TFE)
is the current transport mechanism, where the carriers are thermally excited to an energy
where the barrier is sufficiently narrow for tunnelling to take place[181]. With high n-type
doping (n+), the barrier is sufficiently narrow at or near the bottom of the conduction band for
the electrons to tunnel directly, which is known as field emission (FE)[181](Figure 4.4c). The
possibility of recombination currents arising from some amount of minority carriers diffusing
into the depletion region within the MS contact exists. Due to the large potential barrier this
amount is insignificant compared to current arising from thermionic or field emission, although
for a complete analysis the recombination currents should not be ignored[182]. However, this
is beyond the scope of this discussion.
A MS contact with high n-type doping will have field emission as the dominant mechanism,
which often leads to an Ohmic contact. For a Schottky diode, a low n-type semiconductor is
required in order to have thermionic emission dominant. Referring back to Figure 4.4a, the
carriers within the semiconductor bulk need to gain enough energy to overcome the Schottky
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Figure 4.3: Band diagram of an ideal Schottky Barrier, Φ0B,n, contact formed with n-type
semiconductor with an applied bias, VA. (Reprinted from [38], ©2001 with permission from
Elsevier)
barrier. Some diffusion may take place over the barrier, however, the driving force to current
flow is drift following the application of a bias that decreases the barrier height and raises the
energy of the individual carriers to a higher level[182]. By reversing the bias, the barrier becomes
too high to be overcome by the majority carriers, thus blocking the current flow[180]. Leakage
current is observed as a result of minority carriers. The described rectification behaviour forms
the basis of the theory of operation of a Schottky barrier diode.
The equation for thermionic emission, where the carrier in the semiconductor must pass up
and over the potential barrier into the metal, is classically expressed as[180, 181, 183],
I = AA∗T 2 exp
(−βΦ0B,n) [exp (βVA/η)− 1] (4.1)
where A represents the contact area, A∗ is the Richardson constant, T is the temperature,
VA is the applied voltage, η the ideality factor (η = 1 signifies thermionic emission, whereas
η = 2 indicates complete recombination) and β = q/kBT , with q the electron charge, and kB
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Figure 4.4: Band diagrams showing the three current transport mechanism as a result of
semiconductor doping, ND, a) Thermionic emission, b) Thermionic/Field emission, and c)
Field emission. Reprinted from [181], ©2006 John Wiley & Sons, Inc. All rights reserved.
the Boltzmann constant. However, built into Equation 4.1 is the presumption that a perfect,
homogeneous interface exists, with just one uniform value of Φ0B,n. Instead, a more realistic
scenario should be considered where multiple current paths exist flowing over barriers of dif-
ferent barrier height, so modifying this equation that has been the standard for a century or
more (further reading suggested in [35, 36]).
4.3 Diode requirements
Thin-film diodes play different roles in the discussed energy harvesting concepts in Chapter
2 – they can either be the active or passive component. The former is true in a traditional
photodiode and solar cell and also for the hot-electron device described earlier, where the
photocurrent generation stems from photon-electron conversion in the band-gap of the semi-
conductor (i.e. the forward characteristics of an I-V plot is not important, the aim is to enhance
the reverse current). In the case where the diode is the passive component as for the rectenna,
the emphasis goes on low resistance and the maximum possible rectification at preferably small
biases. The Schottky diode would be suitable for use as both an active component for hot-
electron devices or antenna-coupled photodetectors, and a passive component for MPT or solar
rectenna. The diode requirements would be case specific:
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1. Schottky diodes as active components
• The Schottky barrier height, ΦB, should be low in order to allow the largest flow of
electrons across the barrier. This can be controlled by choosing a metal with a lower
workfunction, however it would also be influenced by interface homogeneity.
• Ideally, SBD devices would be tested with no external bias. However, it may be the
case that a negative voltage is required upon the metal contact to induce an electric
field across the Schottky interface. In this case, the diode should have a low leakage
current, IL. However, this is achieved by having a high barrier height and therefore
a balance needs to be established.
• A refined fabrication procedure, achieving an optimised MS interface could be the
way to solve the above dilemma.
• The contact metal must be chosen as to increase the amount of electrons transferring
to a higher energy state, this so-called hot-electron effect. In the discussed example
by Knight et. al.[13], it is suggested that the addition of the Ti layer in between the
Au and the Si boosted this effect, though of course the use of Ti would tie in with
the requirement to have a low barrier (see Figure 2.8).
• As in a solar cell, Minority Carrier Lifetime will also be important, to prevent the re-
combination of those electrons induced into the semiconductor. The rate of Shockley-
Read-Hall (SRH) recombination, being the dominant recombination mechanism, is
proportional to doping, so it is very important to keep the highly doped region of the
device as small as possible, justifying the use of lateral devices with small dimensions
between the anode and cathode.
2. Schottky diodes as passive components
• The cut-off frequency, a quantity defined by Equation 2.2 to be proportional to
the RC time constant, should be maximised. Reduction in series resistance and a
minimal parasitic capacitance are the solution.
• Upon a small AC input signal, the diode must block as much of the negative half cycle
as possible and output a half-wave rectified DC current. In reality the negative half
cycle is attenuated rather than eliminated, and therefore to minimise the negative
half cycle at low voltages, the diode must have a very small leakage current and a
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low turn-on voltage, VON . A balance in the barrier height must be found due to the
fact that a high barrier minimises leakage but increases the VON and vice versa.
• The VON could be minimised by having close-to-ideal diodes with a current-transport
dominated by thermionic emission. Therefore, the ideality factor of the diode should
be close to 1. (note: ideality factor of 1 would imply that the current transport mech-
anism is thermionic emission, ideality factor of 2 implies recombination currents)
• Leakage current can also be minimised by optimising the processing route and ob-
taining a MS interface with low defect concentration.
4.4 I-V curve analysis
Barrier height, ideality factor, series resistance and leakage current are the defining param-
eters for a Schottky barrier diode. These parameters can be extracted by using Equation 4.1
and Figure 4.5.
For VA > η/β [184], Equation 4.1 can be reduced to:
I = Io [exp (βVA/η)] (4.2)
Where Io is the saturation current and is expressed as:
Io = AA
∗T 2 exp (−βΦB,n) (4.3)
The saturation current, Io, is a constant and is independent of voltage. Rearranging Equation
4.2 gives:
ln I =
Ioβ VA
η
− ln Io (4.4)
This plot would be linear and therefore by taking the tangent of the linear part of the curve in
Figure 4.5 and extrapolating it to cross the y-axis would give the saturation current, Io, whilst
the ideality factor, η, can be deduced from the gradient. Now that Io is found, rearranging
Equation 4.3 provides for the last unknown parameter to be found – the barrier height, ΦB,n:
ΦB,n =
lnAA
∗T 2
Io
β
(4.5)
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Figure 4.5: An I-V plot example taken at 250K from an Ag/Si SBD produced for this thesis.
The absolute current is on a logarithmic scale, whereas voltage remains on a linear. The
parameter extraction regions are labelled.
The series resistance, R, is obtained by applying Ohm’s law in the region indicated in Figure
4.5. The capacitance, C, is extracted from C-V measurements. Using these two quantities, the
cut-off frequency, fc, can be calculated using Equation 2.2.
4.5 I-V performance of SBD devices
An example I-V plot of a typical SBD tested for this study is presented in Figure 4.6
with the case of Ag top electrode. Since it would be challenging to compare and observe the
performance of all studied metals (Ag, Al, Au, Cr, Mo, Nb, Ni, Ti) in such a plot, these are
presented in an absolute current in log scale against voltage plot in Figure 4.7. The asymmetry
figure of merit as defined by Equation 2.4 is analysed at the low-bias voltages (Table 4.1) as
this is an important performance metric if these diodes are used as a passive device in energy
harvesting applications (see Section 4.3). Furthermore, the magnitude of the leakage current
at different bias magnitudes and the device series resistances are also summarised in Table 4.1.
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Figure 4.6: Experimental Current-Voltage curve for a Ag SBD device. The reverse bias current
looks to be 0, however it is out of scale since it is very small – at 2V it is 2.45 x 10−5 A.
Figure 4.7: Experimental Absolute current in log scale versus voltage results for all studied
SBD devices. (note: The presented curves are from the best performing structures)
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Table 4.1: Asymmetry, Leakage Current and Resistance results for the SBDs from Figure 4.7.
Top
Metal
Asymmetry at V Leakage Current (A) at V Resistance
(Ω)±0.5 ±0.4 ±0.3 ±0.2 ±0.1 -0.5 -1.0 -1.5 -2.0
Ag 4181 1872 461 57 6.44 -1.08E-5 -1.54E-5 -1.99E-5 -2.45E-5 2.82
Al 59 25 11 4.84 2.07 -3.23E-5 -6.16E-5 -6.67E-5 -6.68E-5 0.25
Au 1.54E6 8.86E4 4282 242 8.65 -1.71E-9 - - - 0.70
Cr - - 1502 477 21 -9.71E-5 -1.69E-4 -2.35E-4 -2.97E-4 0.57
Mo - 8.47E4 1.4E4 736 30 -1.48E-6 -3.41E-6 6.05E-6 9.53E-6 0.70
Nb - 6.61E4 5712 324 17 -1.72E-6 -2.47E-6 -3.09E-6 3.80E-6 0.63
Ni 2.16E5 1.03E5 2.37E4 1316 37 -1.03E-7 -1.21E-7 -1.37E-7 -1.52E-7 4.39
Ti 4.18E5 1.49E5 1.74E4 688 23 -2.43E-8 -3.47E-8 -4.53E-8 5.60E-8 5.31
Asymmetry results in Table 4.1 indicate that low bias rectification is good for all tested SBD
devices except the Al Schottky diode, which has the lowest asymmetry results. The highest
asymmetry is realised by the Au device at ± 0.5 V, followed by the Ti and Ni devices. However,
the Au device has a low asymmetry at ± 0.1 V, where the Ni and Mo diodes display the highest
figure of merit. Overall, the asymmetry FOM decreases substantially when lowering the bias at
which it is measured, especially as the measured bias is below the turn-on voltage of the diode,
where the asymmetry is reduced by an order of magnitude.
The leakage current is observed to increase with increasing the bias at which it is measured
due to the increasing amount of minority carriers that diffuse through the Schottky barrier.
The lowest leakage current is obtained by the Au device at -0.5 V, with the Ti and Ni device
also having a very low leakage. Although, the Ni and Ti have high asymmetry at low biases
and low leakage currents, their series resistance is highest compared to other diodes, which
would reduce their cut-off frequency. The Ag device also has a high resistance, whereas the Al
device, which has poor asymmetry is the least resistive from all devices. All other devices have
good asymmetry and low resistance. The Au SBD, which has the lowest leakage current, low
resistance and highest asymmetry, performs poorly at ± 0.1 V, therefore, the Cr, Mo and Nb
would be preferred for their low-bias performance as they also have a low series resistance and
sufficiently low leakage current. Further discussion to the suitability of each diode as a passive
or active component in devices for energy applications will be featured later in this Chapter.
The greatest resistance contribution is from the low-doped semiconductor layer, which is
2 µm thick. The lateral diode structure provides a shorter current path from the top metal,
through the semiconductor, to the back contact and justifies its use compared to a planar type
architecture, where the current passes through the full width of the substrate material before
it is collected at the back contact. If the 2 µm depletion region is reduced, the series resistance
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of the Schottky barrier diode will be decreased and hence the cut-off frequency increased. The
reduction in resistance following the thinning of the low-doped semiconductor region can not
be estimated, therefore, this will be tested as part of the future work.
4.6 C-V performance of SBD devices
Capacitance-Voltage measurements were performed on the SBD devices at 100 KHz fre-
quency from -2 to 2 V, an example curve is shown in Figure 4.8. The Al SBD device showed
poor I-V performance and was not further studied. The C-V results for the Ni device were
inconclusive and hence no result could be extracted. For all other devices, the 0 V capacitance
was determined from the C-V plots, and the cut-off frequency estimated as per Equation 2.2 –
results summarised in Table 4.2.
Figure 4.8: C-V curve for the Cr Schottky barrier diode at 100 KHz A/C frequency.
Table 4.2: 0 V Capacitance and Cut-Off frequency estimates for the tested SBD devices.
Top Metal Resistance (Ω)
0V Capacitance
(F)
Cut-Off
Frequency (GHz)
Ag 2.82 2.40E-11 2.35
Al 0.25 - -
Au 0.70 1.70E-11 13.4
Cr 0.57 7.00E-12 39.6
Mo 0.70 1.80E-11 12.4
Nb 0.63 2.20E-11 11.8
Ni 4.39 - -
Ti 5.31 1.50E-11 1.99
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4.7 SBD parameter comparison
The Schottky barrier height (SBH), formed as a result of the metal-semiconductor contact,
is a distinctive property of Schottky barrier diodes. An ideal barrier can be calculated by
the difference in the workfunctions of the metal (ΦM) and the electron affinity (χs) of the
semiconductor (4.01 eV for Si), assuming alignment of the Fermi levels,
Φ0B,n = ΦM − χs (4.6)
However, achieving an ideal SBH is very ambitious as the alignment of the metal and semicon-
ductor Fermi levels is affected by inhomogeneities at the interface causing interfacial states that
pin the Fermi levels when brought into contact. Inhomogeneities exist due to grain boundaries,
defects, multiple phases and facets making the surface not atomically flat[185]. Non-uniform
doping profiles[186] and residual materials left over from processing[187] also contribute to the
formation of interface states. Therefore, a calculated ideal barrier height is always different to
an experimentally derived barrier height. The SBH for all tested devices are summarised in
Table 4.3.
The various inhomogeneities at the MS interface cause a formation of patches where dif-
ferent Fermi level pinning (FLP) results in fluctuations in the local Schottky barrier height.
This hypothesis is discussed by the author in ref. [35], where the current-voltage-temperature
dependence of 3 of the SBD devices presented here have been modelled by using three fitting
parameters to accurately reproduce the I-V curves and hence better understand and predict the
behaviour of metal-silicon interfaces. This improved model to Tung’s original methods[38, 188]
to analyse inhomogeneous metal-silicon interfaces is beyond the scope of the thesis, but a note
is made that the extracted barrier heights and ideality factors shown in Table 4.3 are a mean
value of the individual barrier heights obtained from a number of devices on the same sample
chip, where each barrier height is an overall value comprised of different patch barrier heights
(further reading suggested in [35, 188]).
The SBHs summarised in Table 4.3 confirm the difference between an ideal and an experi-
mental value of the SBH. Fermi level pinning at the interface of the metal and silicon can not
be controlled and thus prediction of the barrier height is somewhat impossible, however, the
results indicate that the developed fabrication route for Si-based SBD devices yields diodes with
good parameters as some top metals (Cr and Mo) have experimental SBH close to the expected
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Table 4.3: Calculated and ideal SBH, ideality factor and cut-off frequency for all tested devices.
(note: the exprimental SBH and ideality factor values summarised in this table is the mean
value of experimentally obtained values from 10 to 25 diodes on the same device chip.)
Top Metal Ideal SBH [eV]
SBH [eV]
(experimental)
Ideality Factor
(η)
Cut-Off
Frequency (GHz)
Ag 0.74 0.56 ± 0.014 1.33 ± 0.096 2.35
Al 0.27 0.55 ± 0.019 2.79 ± 0.299 -
Au 1.09 0.74 ± 0.006 1.18 ± 0.016 13.4
Cr 0.49 0.51 ± 0.006 1.06 ± 0.086 39.6
Mo 0.59 0.63 ± 0.009 1.08 ± 0.014 12.4
Nb 0.29 0.61 ± 0.032 1.26 ± 0.055 11.8
Ni 1.14 0.66 ± 0.026 1.02 ± 0.012 -
Ti 0.32 0.71 ± 0.031 1.08 ± 0.063 1.99
ideal SBH, whereas others (Al, Nb and Ti) exceed beyond this theoretical value. However, on
a few occasions the experimental SBH is substantially lower than the ideal barrier height (Au
and Ni), although these materials rank in the top three experimental barrier heights.
As previously introduced, the ideality factor is a quantity that defines the conduction mech-
anism in a Schottky barrier diode, with an ideality factor of unity indicating that thermionic
emission is the current transport phenomenon, and an ideality factor of 2 and beyond indicative
of recombination losses. With an ideality at 2.79, Al is the only device that appears to fully
exhibit recombination currents, rendering this device useless for commercial application and
requiring further optimisation. The other studied metals all have ideality factors close to unity,
with the best structure being Ni at 1.02, meaning that this device has the least amount of
recombination losses. Nb and Ag have slightly higher ideality with 1.26 and 1.33 respectively,
which indicates that these devices can be further optimised. Although Au has very good asym-
metry, leakage current and SBH, its ideality factor of 1.18 indicates gold’s weakness for use in
electronic devices as its high diffusivity is suspect for this increased performance metric. Over-
all, although the fabrication process was done in a relatively unclean environment, evidence
from some of the devices (Cr, Mo, Ni and Ti) indicates a low concentration of recombination
centres, which originate from contamination due to an unclean process environment, are form-
ing at the MS interface. With the process aimed to be done under a cleanroom environment
as a future work, these ideality factors are expected to further drop and reach unity.
Figure 4.9 displays a box-whisker plot of the mean Schottky barrier heights and ideality
factors, and their associated standard deviation error variation as summarised in Table 4.3.
It can be appreciated from Figure 4.9 that the errors for the ideality factors, with exception
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to Al, and SBH, with exception to Nb, Ni and Ti, are reasonably small, thus indicating a
good reproducibility of the presented experimental results. The variation in SBH and ideality
factors between different diodes on the same device chip is indicative of inhomogeneities at the
Metal-Silicon interface of the device. The most inhomogeneous diodes are realised from the
magnitude of their SBH and ideality factor variation. From Figure 4.9, it can be deduced that
Al is the most inhomogeneous device, followed by Nb, Ni and Ti devices, with Ag, Au, Cr
and Mo displaying the lowest degree of inhomogeneity, i.e. lowest error bars. Overall the error
margins on the presented results is reasonably low (except Al, which requires further improve-
ment), thus indicating that the optimised fabrication route presented in Section 4.1 yields good
quality and reproducible devices.
Figure 4.9: Box-whisker plot of the experimental mean Schottky barrier heights (top) and mean
Ideality factors (bottom) for all studied SBD devices.
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4.8 SBD suitability as a passive device
As a passive device, the Schottky barrier diode would be used to rectify an incoming signal,
absorbed by an antenna and must meet the criteria summarised in Section 4.3. The magnitude
of the cut-off frequency would define the application for which the device is suitable, i.e. for
optical or infra-red rectennas, the cut-off frequency should be in the THz region, whereas for
microwave rectennas for power transmission, GHz would suffice. As previously discussed, if
the operational frequency is above the cut-off frequency of the diode, the device efficiency will
be substantially lower. With the studied SBD devices, the highest cut-off frequency is realised
from the Cr device at close to 40 GHz since it exhibited the lowest 0 V capacitance and a very
low series resistance (Table 4.2). The origins of this parasitic capacitance are traces of native
oxide in the MS interface and other interface defects. With further process optimisation by
keeping a clean manufacturing environment, this stray capacitance can be further reduced for
all devices. However, since the current test devices are relatively large in area (44 800 µm2),
the amount of interface imperfections is statistical and can also be reduced by decreasing the
device area, creating the potential of increasing the cut-off frequency.
Figure 4.10: Ideality factor and Asymmetry at ±0.1 V comparison for all tested SBD devices.
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Low-bias rectification (i.e. large asymmetry FOM and low leakage current) and an ideality
factor close to unity are also important. From Figure 4.10, three groups of diodes can be
identified. Above the blue line (η=2), the device (Al) is not suitable to be used as a passive
device, whereas the closer the device is to the red line (η=1) and the higher the asymmetry, the
better its performance would be for its determined cut-off frequency. Therefore, four candidates
(Cr, Ti, Mo and Ni) are determined to be suitable as passive devices, whilst Ag, Au and
Nb would need further improvement to lower the ideality factor and increase the asymmetry.
Currently the tested devices are only suitable for microwave energy transmission up to their
cut-off frequency, with Cr identified as the most promising device, whereas Ni would need to be
further studied to determine its cut-off frequency. Current state-of-art as described in Chapter
2 has seen Pt SBD devices used in MPT rectennas, however Pt is expensive compared to Cr and
Ni. Furthermore, the Cr device fabricated using sputter deposition has an ideality factor lower
than other studies on the same device made by thermal evaporation with devices by Tatar et
al.[189] and Demircioglu et al.[190] exhibiting high ideality of 1.6 and 1.22 respectively, at room
temperature. This indicates that the process conditions outlined in this thesis is well optimised
to produce good devices. In Chapter 8, further improvements will be suggested for future work
on these devices, which have great potential to be used as a passive device in low-cost energy
harvesting applications.
4.9 SBD suitability as an active device
Examples of devices where the SBD would be the active device is the previously described
hot-electron photodetector by Knight et al.[13], who used a Ti/Au Si SBD, with the active
material forming the Schottky barrier being Ti and Au having the role of a plasmonic antenna,
a similar device using a Cr/Au Si SBD is described by Ishi et al.[16]. The main requirement for
this application (as described in Section 4.3) is a low Schottky barrier height to allow a large
flow of electrons across the barrier, and a low leakage current. However, a lower barrier height
would result in a higher leakage current, although this also depends on the fabrication route.
Looking at Figure 4.11, it is seen that the Ti device has the drawback of having a high
barrier height, but the advantage of a low leakage current, whereas the situation is the opposite
for the Cr SBD, which has a low barrier height but a relatively higher leakage current. Both
devices are not believed to be able to perform well for energy harvesting within a hot-electron
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device, but would be suitable for light detection devices as seen with the Knight[13] and Ishi[16]
devices. The lowest leakage current is realised by the Au device, which however has the highest
barrier height, thus rendering it unfavourable for an efficient energy harvester, although as a
photodetector it has been demonstrated in ref. [15, 191]. A balance between the two require-
ments is best obtained by the Ni, Mo and Nb devices, whereas the Ag and Al would not be
recommended due to the higher recorded leakage currents.
Figure 4.11: Experimental SBH and Leakage Current at -0.5 V comparison for all tested SBD
devices.
Discussed in Section 4.3 was the requirement that generated hot electrons are not recom-
bined with the minority carriers, which is a major loss mechanism in the efficiency of solar
cells and a potential issue in hot electron devices. The ideality factor must be kept at unity
for the SBD device, which would indicate that recombination is not an issue for the device. In
this case Mo and Ni would be suitable, whereas Nb with its higher ideality factor should be
refined. However, due to Minority carrier lifetime there will always be some degree of Shockley-
Read-Hall recombination. This effect can be minimised by controlling the lightly doped layer
of the semiconductor, which may vary other properties of the diode. Therefore this will be
investigated as future work.
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4.10 Summary
Si-based Schottky barrier diodes have been systematically studied with various metal con-
tacts for use in low-cost energy applications. An in-house 15-step manufacturing process has
been designed and optimised to yield good quality, reproducible SBD devices. All structures
exhibited good I-V characteristics and performance metrics such as the barrier height, ideality
factor, leakage current and cut-off frequency were extracted from their I-V curves. Aluminium
was the only SBD to show an excessively high ideality factor of 2.79, whereas all other metals
were close to unity with Cr, Ti, Mo and Ni having the lowest η values. Furthermore, the
low-bias rectification performance for these four SBDs classified these devices as suitable to
be used as a passive component in energy harvesting applications such as Solar or Microwave
Rectennas. Further optimisation of the fabrication process, such is the use of a cleanroom
environment, is aimed at obtaining better performance from these devices. As an active com-
ponent in hot electron devices or antenna-coupled photodetectors, the Mo and Ni SBDs were
identified as suitable structures for their good balance of low barrier height and low leakage
current, reinforced with a low ideality factor to guarantee less recombination. A common fu-
ture work identified for both active and passive device use is the reduction of the low-doped
semiconductor layer, aimed at reducing the series resistance to increase cut-off frequency, and
reducing the SRH recombination probability. The cut-off frequency was estimated by analysing
I-V and C-V characteristics, with the highest fc obtained for Cr at 39.6 GHz. Reducing the
size of the device by making nano-pillar SBD devices is aimed for future work as it is believed
to increase the degree of inhomogeneity at the interface and hence improve the performance
metrics and cut-off frequency of the devices.
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Chapter 5
Metal-Insulator-Metal diodes with a
native oxide
Q
uantum electron tunnelling through the barrier layer is the dominant current trans-
port mechanism in MIM diodes. Under illumination, electron tunnelling is stimu-
lated by different processes depending whether an antenna is or is not coupled to the
diode (further reading in [31, 33, 192, 193]). Thermionic emission (also referred to as Schottky
emission) and Frenkel-Poole emission may also contribute to or dominate the current-voltage
(I-V ) characteristics of MIM diodes[30, 32, 33, 128], depending on insulator thickness and ho-
mogeneity. In this Chapter, the nature of the I-V asymmetry will be qualitatively explained
taking into account the material selection for ideal planar MIM devices under no illumination
and thermal equilibrium, as these conditions will be used when testing the samples.
With their increased popularity for use in high frequency applications such as rectenna
energy harvesting[34, 39–41, 45], photo-detection[18–20, 23], THz mixing[19, 131, 135] and oth-
ers, MIM diodes with a simple scaleable fabrication method are no doubt an intriguing field of
research. The Chapter will feature a proposed method of such device manufacturing, which has
been designed and optimised in-house. Diode performance metrics required for energy applica-
tions will be summarised, and the results from a systematic study into the native oxide response
of MIM devices will be presented and discussed in terms of this set criteria. Furthermore, MIM
diodes with a thermally oxidised barrier layer will be analysed in an attempt to compare the
suitability and provide insight into the practicality of pursuing native oxide device structures.
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5.1 Fabrication steps
Arrays of Metal-Insulator-Metal diodes were fabricated on Si substrates using an inverse
of the mask used to complete the Schottky devices. Similar to SBD devices, the MIM struc-
tures were produced in a lateral configuration, providing access to both metal electrodes to
characterise how the current passes through the native oxide barrier. This 6 step subtractive
process has been designed and optimised in-house by the author and ensures a standardised,
reproducible technique, keeping all conditions consistent in order to compare the performance
of various MIM diode architectures, details are listed:
1. Preparation of 10mm2 Si substrates
The 4” Si wafers are cut into small pieces, measuring roughly 10 by 10 mm, using a
diamond cut. A scratch is applied along the edge of the wafer, followed by manually
cleaving the silicon under a stream of tap water to avoid pieces of cleaved material to
deposit on to the surface.
2. Solvent clean
A standard solvent clean is employed to wash the Si substrates before introducing them
into the vacuum chamber for device growth. (details outlined in Step 1., Appendix A.1)
3. Multi-layer deposition
The MIM layers are deposited under vacuum via sputter deposition and oxidation of the
first metal layer. This ensures no external defects are introduced in the interfaces between
each metal and oxide. The multi-layer is grown by:
i. 300nm of metal 1 is grown at room temperature via either DC or RF magnetron
sputtering in the Mantis™ QPrep Deposition System. The thickness is monitored in-
situ the deposition chamber via a previously calibrated quartz crystal microbalance
(QCM). This bottom electrode is grown thick, as it will ensure that the later ion
milling step does not etch into the Si substrate.
ii. The metal layer is then oxidised in-situ the vacuum chamber by flowing O2 (100
sccm resulting in a partial pressure of 2.3 x 10−3 mbar) next to the substrate for
120 minutes at room temperature. This allows for a native oxide (of the order of 3-5
nm) to form on the surface of the bottom electrode in a self-limiting process. The
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oxidation time was optimised by producing samples with a 30, 60 and 90 minute
oxidation duration at room temperature. All of these gave linear I-V curves, indi-
cating problems with oxide coverage. After 120 minutes oxidation, the I-V curves of
the MIM devices consistently displayed asymmetrical nonlinear response, indicating
sufficient oxide coverage.
iii. The vacuum chamber is pumped to base pressure, eliminating residual oxygen molecules.
iv. The MIM multi-layer is completed by sputter depositing 50nm of a selected top
metal electrode.
(Sputtering conditions are summarised in Appendix A.6)
4. Photolithography
A photolithography step is performed using Mask 4 (Figure A.5, Appendix A.3.1). The
photolithography procedure is outlined in Appendix A.3.2.
5. Argon ion milling
The area remaining uncovered from the photoresist is milled using an Argon ion milling
process on an Oxford Applied Research™ IM150 system. The milling is stopped once the
top electrode and oxide layer are removed, and the bottom electrode is unveiled, providing
probing access. (Ion milling process is outlined in Appendix A.8)
6. Photoresist stripping
The photoresist is dissolved by immersing the samples in acetone solution for 1 minute
in an ultrasonic bath. The array of MIM diodes is now complete (Figure 5.1) and ready
for electrical characterisation.
Figure 5.1: a) Schematic of the lateral MIM diode structure fabricated for this work. b) An
optical microscopy image showing a part of the MIM diode array.
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5.2 Principle of operation
Consider a Metal-Insulator-Metal junction at zero bias and ideal Fermi level pinning, as
shown in Figure 5.2. Metal 1 has a workfunction, Φ1, lower than that of Metal 2, Φ2, and χ
is the electron affinity of the Insulator. The barrier height at the metal-insulator interface is
determined from the difference between the workfunction and electron affinity respectively.
Figure 5.2: Ideal band diagram for a MIM diode under zero bias, with dissimilar workfunctions
for Metal 1, Φ1, and Metal 2, Φ2, χ the Insulator’s electron affinity, EF the Fermi level, dt the
tunnel distance and VA the applied voltage.
By applying a negative bias to Metal 1 w.r.t. Metal 2 (termed reverse bias), the band dia-
gram shifts as in Figure 5.3a. In this case direct tunnelling is observed as a result of the effective
tunnelling distance, dt, being the same length as the insulator thickness. Further increasing
the applied voltage, VA, decreases the effective dt, and it becomes shorter than the length of
the insulator (as seen in Figure 5.3b), thus Fowler-Nordheim tunnelling[194] starts to occur.
Figure 5.3: Ideal band diagram for the MIM diode from Figure 5.2 under a) negative bias and
b) increased negative bias.
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When a positive bias of the same magnitude is applied to Metal 1 w.r.t. Metal 2 (termed
forward bias), the bands shift as in Figure 5.4a. Fowler-Nordheim tunnelling is observed in this
case and occurs at a lower voltage, the higher the barrier asymmetry at both metal-insulator
interfaces (arising from the difference in metal workfunctions). Further increasing the positive
bias (as in Figure 5.4b) will further decrease the effective tunnelling distance, dt, which further
increases the tunnelling probability in forward bias.
Figure 5.4: Ideal band diagram for the MIM diode from Figure 5.2 under a) positive bias and
b) increased positive bias.
Therefore, rectification occurs because for the same voltage magnitude in forward bias,
dt will be shorter and more current will be flowing than in the equivalent case in reverse bias.
By changing the applied voltage, the tunnel distance changes linearly and the tunnel current is
exponentially dependant on this distance[143]. This leads to an asymmetric, nonlinear current-
voltage response and is the origin of the rectification mechanism in MIM diodes. Figure 5.5
shows the expected I-V curves for similar metal workfunctions (a) and dissimilar metal work-
functions (b). By applying the analysis above it is clear that when no barrier asymmetry is
promoted, the tunnelling mechanism will be the same in both directions at any point. By
introducing barrier asymmetry, Fowler-Nordheim tunnelling occurs earlier in the forward bias,
whilst at the same point direct tunnelling is in the reverse bias.
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Figure 5.5: a) showing an ideal band diagram when Metal 1 and Metal 2 have the same
workfunction, the expected I-V curve is symmetric; b) showing the case when Metal 2 has a
higher workfunction than Metal 1, the expected I-V curve is asymmetric.
5.3 Diode requirements
Metal-Insulator-Metal and Metal-Insulator-Insulator-Metal diodes (presented in the next
Chapter) would be suitable for use as a passive component in a MPT or solar rectenna:
• The FOMs outlined in Equations 2.4, 2.5 and 2.6 should be satisfied. However, asym-
metry figure of merit in excess of 1 is required as the reverse (leakage) current should be
minimised with respect to the forward current.
• Small bias rectification should be possible as the generated voltage from harvesting solar
energy is expectedly low. Therefore, the turn-on voltage, VON , should be low.
• The cut-off frequency must be maximised. This is necessary as theoretically the tunnel
diodes have the potential to be used at optical frequencies. Furthermore the MIM/MIIM
diodes are not limited by the cut-off frequency to rectify a specific wavelength range,
but can also rectify all wavelengths at lower frequencies. Therefore maximising the cut-
off frequency would maximise how efficiently the incoming signal is converted. This is
different to a p-n junction diode, where light absorption is limited to wavelengths greater
or equal to the band-gap of the semiconductor material.
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• As previously discussed, the cut-off frequency is inversely proportional to the product of
resistance (R) and capacitance (C). The use of highly conductive materials in MIM and
MIIM diodes, guarantees for lower series resistance compared to Schottky barrier diodes.
The capacitance is controlled by the thickness of the insulating layer(s) and the area of
the device, and is limited to a thickness suitable for tunnelling (typically 10nm[146]).
However, R and C are respectively proportional and inversely proportional to area, which
indicates that an optimised device area should be found.
• Optimising the fabrication process is very important in order to ensure that all interfaces
in the devices are clean. This should maximise the performance of the devices.
5.4 I-V analysis of native oxide MIM devices
The studied MIM device architectures were based on either Al, Cr, Nb or Ti bottom elec-
trodes and their native oxides. A selection of top electrodes (Al, Ag, Au, Cr, Nb, Ni, Mo and Ti)
were then grown to investigate the properties of these devices and compare their performance
with theoretical expectations. Table 5.1 summarises the workfunction values of all metals and
the electron affinity of all oxides used in this study.
Table 5.1: Metal workfunctions and insulator electron affinities. Values obtained from [29, 195]
Material Workfunction (eV) Electron Affinity (eV)
Al 4.28 -
Nb 4.30 -
Ti 4.33 -
Cr 4.50 -
Mo 4.60 -
Ag 4.74 -
Au 5.10 -
Ni 5.15 -
Al2O3 - 1.0
Cr2O3 - 1.7
Nb2O5 - 3.9
TiO2 - 3.9
The barrier height at each Metal-Insulator (MI) interface is commonly approximated as the
difference between the metal workfunction and insulator electron affinity. In reality the MI
barrier offset is affected by Fermi level pinning (FLP)[196, 197], which varies the barrier height
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depending on the growth sequence and method used to contact the metal and insulator. For
example, with similar metal electrodes, an identical barrier height at both MI interfaces is ex-
pected, although due to variations in FLP, in practice these barriers are of different height. This
effect will be discussed later in the results analysis of this section. Furthermore, MIM devices
with metal combinations that have low workfunction differences are expected to be affected
by FLP, thus showing unexpected results. Also featured in this section is a comparison of the
four Metal-Native oxide combinations with a similar top electrode to study and compare the
performance of the native oxide layers, which all have different electron affinity. A hypothesis
outlined in ref. [29] states that a high electron affinity insulator would exhibit superior rectifi-
cation properties than lower electron affinity insulators in MIM devices. The results outlined
later in this section will prove this hypothesis by using native oxides. From the MIM principle
of operation presented in Section 5.2, it can be deduced that increasing the barrier height of the
top electrode would promote Fowler-Nordheim tunnelling (FNT) sooner and therefore would
achieve MIM devices with increased asymmetry and lower turn-on voltage, an effect observed
in ref. [30] using deposited oxide layers of 16 nm thickness. The aim here is to study the native
oxide response and test this theoretical implication to determine the suitability of the native
oxide as a reliable oxide layer for reproducible MIM devices. The discussion will form around
reviewing the diode figure of merits calculated by using Equations 2.4, 2.5 and 2.6.
5.4.1 Native oxide MIM diodes – the role of oxide electron affinity
Results obtained from structures consisting of Ti/TiO2, Nb/Nb2O5, Cr/Cr2O3 and Al/Al2O3
with a Ni top electrode are plotted in Figure 5.6 and summarised in Table 5.2. Values for the
asymmetry FOM suggest improved rectification performance from the high electron affinity
insulators (TiO2 and Nb2O5). This is due to the formation of a lower barrier height at the
MI interface (Table 5.2), which promotes an earlier transition from Direct to Fowler-Nordheim
tunnelling. As described earlier, using metals with dissimilar workfunctions forms a trapezoidal
band structure as shown in Figure 5.5b. Under bias, the bands shift and due to the different
barrier heights, after a certain voltage magnitude, direct tunnelling through the width of the
insulator is no longer the current-transport mechanism as the effective tunnelling distance is
reduced and FNT is initiated. This occurs sooner at forward than reverse bias and leads to
asymmetry in the current-voltage curves of MIM diodes[33]. Therefore, a lower barrier height
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MIM diode would exhibit good rectification properties at lower biases, whereas for the same bias
magnitude a higher barrier MIM device would show poor diode response as seen in Figure 5.6
and Table 5.2. As previously discussed, a high workfunction difference should be favourable for
enhanced asymmetry properties, however this is not true when comparing this figure of merit
at low bias. From Table 5.2 it can be seen that the difference in workfunction between Al and
Ni is highest, however rectification at low bias is poor compared to other structures. This is
due to the high barriers that form at the MI interface, causing the diode to turn-on at a higher
voltage. Therefore, insulators with high electron affinity are preferred for better MIM diode
characteristics.
Figure 5.6: Experimental I-V plot of four MIM diodes with a Ni top electrode. The y-axis is
represented as a log scale of the absolute current for a more facile observation of asymmetry.
For comparison, the ±1 V scan is shown.
This hypothesis was suggested by ref. [29] and proven by employing a rapid screening tech-
nique. However, the difference between both studies is the use of a controlled growth 16 nm
oxide as opposed to the native oxide derivative of the bottom electrode, which indicates that
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Table 5.2: MIM diodes with a native oxide and Ni top electrode - parameters and asymmetry
comparison.
MIM
architecture
M1/I
barrier [eV]
I/M2
barrier [eV]
Workfunction
difference
[eV]
Asymmetry
at ±1V
Maximum
Asymmetry
Voltage at
maximum
asymmetry
[±V]
Rectification
properties
Al/Al2O3/Ni 3.28 4.15 0.87 1.18 1.18 1.00 Poor
Cr/Cr2O3/Ni 2.80 3.45 0.65 1.13 2.53 2.95 Poor
Ti/TiO2/Ni 0.43 1.25 0.82 2.76 2.76 1.00 Good
Nb/Nb2O5/Ni 0.40 1.25 0.85 3.47 23.7 1.96 Best
even with an ultra-thin non-optimised native oxide, the material selection is determinant to
the MIM diode performance. Therefore, no further interest is exhibited in studying Al and Cr
based devices, and thus a systematic study on Ti and Nb based MIM diodes was performed,
results presented and analysed in the upcoming subsections.
5.4.2 Ti-TiO2-Metal device system
Titanium based MIM devices all showed nonlinear asymmetric I-V curves, plotted examples
of the highest asymmetry diodes are shown in Figure 5.7. The asymmetry values for all devices
taken at ±0.5, ±1.0, ±1.5 and ±2.0 V are summarised in Table 5.3, where it can be seen that
all structures exhibit asymmetry figure of merit beyond unity, a requirement inline with that
set in Equation 2.4.
Table 5.3: Ti/TiO2/Metal asymmetry results obtained and an indication of the workfunction
difference between the top metal and Ti. (please note: where the current compliance has been
reached, an asymmetry value could not be calculated and has been left blank)
Top
Metal
Workfunction
difference with Ti [eV]
Asymmetry at V
±0.5 ±1.0 ±1.5 ±2.0
Al -0.05 1.73 2.34 - -
Nb -0.03 1.50 3.08 4.77 4.72
Ti 0 1.00 1.32 1.47 -
Cr +0.17 2.49 - - -
Mo +0.27 1.10 1.67 1.88 -
Ag +0.41 1.42 2.33 - -
Au +0.77 1.42 2.73 6.34 11.94
Ni +0.82 1.52 2.76 - -
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Figure 5.7: Current density [a] and absolute current density in log scale [b] against voltage
plots for Ti/TiO2/Nb and Ti/TiO2/Au diodes.
5.4.3 Nb-Nb2O5-Metal device system
Similar to Ti/TiO2/Metal devices, the Nb based MIM diodes also showed nonlinear asym-
metric (fasym > 1) I-V curves, with values generally higher than the Ti based diodes (compare
Table 5.4 to Table 5.3). The I-V curves for two of the best performing structures, those with
Ag and Ni top electrodes, are plotted in Figure 5.8. The Nb/Nb2O5/Mo diode showed very
high asymmetry at ± 0.5 V and much lower at ± 1.0 V and therefore is considered an anomaly
due to this inconsistency.
Table 5.4: Nb/Nb2O5/Metal asymmetry results obtained and an indication of the workfunction
difference between the top metal and Nb. (please note: where the current compliance has been
reached, an asymmetry value could not be calculated and has been left blank)
Top
Metal
Workfunction
difference with Nb [eV]
Asymmetry at V
±0.5 ±1.0 ±1.5 ±2.0
Al -0.02 1.87 5.12 7.70 11.59
Nb 0 1.90 1.63 - -
Ti +0.03 3.37 15.84 - -
Mo +0.30 20.74 7.44 - -
Ag +0.44 3.79 15.50 26.41 35.64
Au +0.80 1.95 4.55 7.33 9.55
Ni +0.85 1.24 3.47 11.15 22.69
The results from the Ti/TiO2/Metal and Nb/Nb2O5/Metal device systems will be com-
pared and discussed in the following subsections.
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Figure 5.8: Current density [a] and absolute current density in log scale [b] against voltage
plots for Nb/Nb2O5/Ni and Nb/Nb2O5/Ag diodes.
5.4.4 Native oxide MIM diodes – asymmetry in same-metal devices
MIM diodes with same metal electrodes, and even similar workfunction metals, should the-
oretically have equal barriers at both MI interfaces, as shown in Figure 5.5a. Therefore, with no
barrier asymmetry, the current transport mechanism at any magnitude of forward and reverse
bias should be the same and hence the I-V curve is expected to be fully symmetric. This was
not entirely the case with the Ti/TiO2/Ti and Nb/Nb2O5/Nb devices (see Tables 5.3 and 5.4).
With the Ti/TiO2/Ti device, symmetric current voltage characteristics are obtained only
at ± 0.5 V, and asymmetry is observed at the higher voltages, whereas the Nb/Nb2O5/Nb
device is asymmetric throughout. These unexpected results suggest that the band alignment
for these MIM devices are asymmetric, as depicted in Figure 5.5b. A probable cause for this is
a different formation of the barriers at each Metal/Insulator interfaces. The interface between
the Ti/Nb and TiO2/Nb2O5 formed by oxidation at room temperature is dissimilar to that
forming between TiO2/Nb2O5 and sputter deposited Ti/Nb. Assuming that the workfunctions
of the titanium and niobium are the same in both cases as the growth conditions have been
kept constant, the alignment of the bands could be dissimilar due to a difference in interface
states and hence Fermi level pinning[196, 197]. Therefore, the bands have aligned so that to
introduce asymmetry as is seen in the results.
A similar argument can be drawn to the Ti/TiO2 and Nb/Nb2O5 devices with the Al top
electrode and the Ti/TiO2/Nb device, which all have a top electrode with a smaller work-
function than the respective bottom metal. In this case, an ideal Fermi level alignment would
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indicate that the MI barrier height at Metal 2 should be smaller than that at Metal 1, and
therefore the asymmetry should be realised in the reverse bias. This is not seen in these 3
structures (Tables 5.3 and 5.4), which, similar to the same-metal MIM device explanation, is
due to FLP causing a different band alignment as theoretical predictions.
5.4.5 Native oxide MIM diodes – workfunction difference
The asymmetry variation relative to the workfunction difference (∆Φ) for the Ti/TiO2/Metal
and Nb/Nb2O5/Metal devices is graphically represented in Figure 5.9, showing no direct corre-
lation between this figure of merit and the increase in workfunction difference. A study in ref.
[28] employing a rapid screening technique to test MIM devices found that although ∆Φ is an
important parameter for MIM device performance, it does not control the FOMs and as long as
this difference is beyond 30 meV, the asymmetry FOM is sufficiently high. However a further
study onto the asymmetry dependence with ∆Φ using full MIM devices with controlled grown
16 nm oxide layers (see ref. [30]) revealed that there is a linear logarithmic dependence as the
asymmetry increases with an increase in ∆Φ (see Figure 5.9). Therefore, the lack of a trend
between the asymmetry results from the native oxide MIM devices with ∆Φ is an indication of
a non-optimised barrier layer.
Looking at the results for the Ti/TiO2 based devices, the high asymmetry value for Au
compared to other metals agrees with theoretical prediction, however the second best perform-
ing structure is the one implementing Nb as a top electrode, which was not expected as it has
a workfunction lower than Ti. Similarly, for the Nb/Nb2O5 based devices, the Ag top electrode
gave the highest asymmetry whereas the higher workfunction metal – Ni, is the second best
performing device. This tendency can be attributed to leakage paths present in the native oxide
layers and due to the large area of the device, the distribution of such paths is unpredictable.
Therefore, it can be deduced that the variation of tunnelling probability introduced by using
different workfunction electrodes is not dominant in characterising the current flowing through
the barrier. It is the imperfections in the native oxide used as the barrier layer in the MIM
device that result in leakage current paths, which are the dominant contribution and dictate
the current-transport between the two metals. The higher asymmetry ratios for the Nb based
devices suggest that the native Nb2O5 layer may have less leakage current paths and may be
forming better interfaces with its respective metal layers.
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Figure 5.9: Asymmetry against workfunction difference maps for [a] Ti based and [b] Nb based
MIM devices with native oxide, and [c] Nb/16nm Nb2O5/Metal devices showing a logarithmic
linear trend. Figure in [c] reprinted with permission from [30]. ©2013, American Vacuum
Society.
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5.4.6 Native oxide MIM diodes – Nonlinearity and Responsivity
Tables 5.3 and 5.4 showed that all structures investigated meet the requirement set out in
Equation 2.4, i.e. to have an asymmetry higher than unity, thus signifying that the I-V charac-
teristics of these devices have diode properties. The other figures of merit, namely Nonlinearity
and Responsivity as set out in Equations 2.5 and 2.6 respectively, are studied for the top
performing structures in both device families - Ti/TiO2/Nb, Ti/TiO2/Au, Nb/Nb2O5/Ag and
Nb/Nb2O5/Ni.
Figure 5.10: Nonlinearity and Responsivity plots for the best performing MIM native oxide
devices – Ti/TiO2/Au and Ni ([a] and [b]) and Nb/Nb2O5/Ag and Ni ([c] and [d]).
Figure 5.10([a] and [b]) shows plots of these two FOMs for the Ti based MIM devices, in-
dicating that although nonlinearity is above the required minimum (>3), responsivity is below
the defined value of 7 V−1. This indicates that structures based on the Ti/TiO2/Metal system
with a native oxide barrier do not currently meet the requirements needed to categorise them
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as good rectifiers. The best performing structures for the Nb based MIM diodes (with Ag
and Ni top metals) have I-V curves (Figure 5.8) which clearly indicate a better performance
compared to Ti/TiO2/Metal structures displayed in Figure 5.7. Nonlinearity figure of merit is
satisfied by both devices (Figure 5.10c). However, responsivity (Figure 5.10d) is good for the
Nb/Nb2O5/Ag structure which has a peak above the defined minimum, whereas it remains low
for the Nb/Nb2O5/Ni device. Therefore, from all the structures analysed in this study using a
native oxide layer, the Nb/Nb2O5/Ag was the only structure found to satisfy all three figures
of merit defined in Equations 2.4, 2.5 and 2.6.
5.4.7 Native oxide MIM diodes – reproducibility
Figure 5.11: Experimental I-V response comparison of the top performing devices from the
different diode sizes of the Nb/Nb2O5/Ni MIM diode with a native oxide. It is evident how
the reverse bias current (leakage current) increases with device area. The insert summarises
the device areas and asymmetry figure of merit at ±2 V. The asymmetry FOM decreases with
increasing device area, confiriming the leakge current tendency with device size.
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The presented results so far were the best performing devices from each MIM diode architec-
ture. However, on the same device chip, there are many diode structures of four different sizes
(see Appendix A.3.1). As previously discussed, the device performance with a native oxide is
highly dominant on oxide coverage and leakage paths, and therefore the test structures studied
consistently in this work were the smallest diodes with a device area of 44 800 µm2. This is
reinforced by analysing the different device sizes of the same MIM architecture, where it is
realised that the reverse bias (leakage) current increases, the bigger the device size (see Figure
5.11). This can also be seen from the decreasing asymmetry figure of merit with increasing
device size (insert of Figure 5.11). Therefore, defect concentration leading to leakage current
paths in the native oxide and thus reduced performance of the device, can be minimised by
using the smallest availlable device area.
Figure 5.12: Box-whiskers plot of the best asymmetry results for the studied Ti/TiO2/Metal
(top) and Nb/Nb2O5/Metal (bottom) native oxide MIM devices. The box represents the mean
asymmetry value taken from 10 device results, whereas the whiskers represent the upper and
lower asymmetry values within the range of the values used to take the mean.
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Nevertheless, these defects are statistical in nature and therefore an analysis of the asymme-
try figure of merit of different devices of the smallest area was performed for the Ti/TiO2 and
Nb/Nb2O5 based devices. The I-V characteristics of a random selection of 10 size 1 devices
was performed and a mean value for the asymmetry FOM is plotted in the Box-whiskers graph
in Figure 5.12, where the top end whiskers represent the maximum asymmetry recorded (these
values were discussed earlier within this Chapter), and the bottom end whiskers represent the
lowest obtained asymmetry value. It can be seen that the spread of results for these native oxide
MIM devices indicates a large inconsistency between devices. This is attributed to the amount
of leakge paths within the native oxide. Although, the oxidation step has been optimised (see
Section 5.1) to give a consistent rectification performance with these native oxide MIM devices,
the asymmetry figure of merit and thus the magnitude of the leakge current, is not entirely
reproducible. Therefore, although devices of the same architecture can be reproduced to satisfy
the diode figure of merits, the magnitude of these FOMs is not guaranteed as the native oxide,
being a non-ideal oxide, contains leakage paths, which will make the performance of the device
unpredictable.
5.5 I-V analysis of thermally grown oxide MIM devices
The Nb based native oxide MIM devices gave good results in terms of the FOMs, and
therefore further research was conducted in an attempt to learn more about the native oxide
response compared to a thermally grown oxide. The fabrication technique outlined in Section
5.1 was modified by having an oxidation step at 500℃ for 10 minutes at 100 sccm O2 flow (2.3
x 10−3 mbar). This process ensures a metal oxide based on the bottom metal (Nb), which is
thicker than the room temperature grown native type oxide. Three of the highest workfunction
metals were chosen as the top metals, namely Ag, Au and Ni. The I-V results for these devices
are summarised and compared to native oxide devices of the same architecture.
5.5.1 Thermally grown oxide MIM diodes - Figures of merit
All three top metal devices showed nonlinear asymmetric I-V curves (Figure 5.13), indicat-
ing that the thickness of the thermally grown Nb2O5 oxide is sufficiently thin to allow electron
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tunnelling. The asymmetry figure of merit is summarised in Table 5.5 for all tested structures.
Similar to the results from the native oxide device, the highest fasym value is obtained from
the Ag top metal, followed by the Ni and Au (compare with Table 5.4). Figure 5.14 displays
the nonlinearity and responsivity plots for these structures, indicating that all structures meet
the required minimum FOM values, except for the Au top metal device, which falls below the
threshold for its nonlinearity.
Figure 5.13: Current density [a] and absolute current density in log scale [b] against voltage
plots for Nb/Nb2O5/Ag, Nb/Nb2O5/Au and Nb/Nb2O5/Ni diodes with a thermally grown
oxide layer.
Table 5.5: Nb/Nb2O5/Metal, with a thermally grown oxide, asymmetry results obtained and
an indication of the workfunction difference between the top metal and Nb
Top
Metal
Workfunction
difference with Nb [eV]
Asymmetry at V
±0.5 ±1.0 ±1.5 ±2.0 ±2.5 ±3.0
Ag +0.44 1.35 5.55 13.21 19.79 21.40 20.29
Au +0.80 1.59 2.28 2.90 3.10 2.93 1.75
Ni +0.85 1.02 1.13 1.97 4.12 - -
5.5.2 Thermally grown and native oxide MIM response comparison
Results from the thermally grown oxide MIM devices show, similarly to the native oxide
MIM, that the grown oxide is not ideal as the device properties are dependant of the defect con-
centration and the Fermi level alignment of the top metal deposit. Comparing Tables 5.4 and
5.5, the asymmetry values reported for the native oxide devices appear higher than the ther-
mal oxide equivalent diodes. This can be attributed to the homogeneity of the oxides, which
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Figure 5.14: [a] Nonlinearity and [b] Responsivity plots for the MIM devices with thermally
grown oxide.
indicates that the native oxide grows smoother than the thermally activated oxide and this
could be the origin of the better native oxide response. It can be assumed that due to its high
diffusivity, the Au topped Nb/Nb2O5 device would be the source of substantial leakage current
observed in the 500℃ Nb2O5 device. This would indicate that due to the higher asymmetry
(i.e. lower leakage currents), the native oxide has a lower defect concentration, as indicated also
by the Ni and Ag topped devices. Nevertheless, the uncertainty of this discrepancy provokes
the ambition of further work aimed at answering this question.
Figure 5.15: I-V curve comparison for the Nb/Nb2O5/Ag MIM architecture with a native (red)
and a thermally grown (black) oxide.
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Figure 5.15 displays the I-V curves of the native and thermal oxide Nb/Nb2O5/Ag devices,
indicating that the turn-on voltage for the native oxide is lower than that of the thermally
grown oxide. This can be attributed to the thickness of the oxides. With a thicker oxide,
the transition from direct to Fowler-Nordheim tunnelling would be realised at a higher voltage
as the effective tunnelling distance would always be higher, although at a certain voltage this
distance will be low enough to allow the faster Fowler-Nordheim tunnelling to dominate the
current-transport. This transition occurs over a range of voltages, which is indicated by the
curvature of the I-V curve, and therefore a turn-on voltage can be defined as the mid-point of
this voltage range. At lower oxide thicknesses the voltage range is in the lower values. There-
fore, the result would indicate that the thermally grown oxide is of a higher thickness than the
native oxide, as expected and previously assumed.
This can be questioned by the response observed in the Ni topped device, which shows
no variation of the turn-on voltage (Figure 5.16). A possible explanation would be a non-
reproducible oxide growth or Fermi-level pinning, resulting in the formation of barriers that
have displayed similar forward response and a higher leakage in reverse bias.
Figure 5.16: I-V curve comparison for the Nb/Nb2O5/Ni MIM architecture with a native (red)
and a thermally grown (black) oxide.
Both Ag and Ni top metal MIM devices with a thermal oxide displayed higher peak non-
linearity and responsivity figures of merit compared to the native oxide diodes. This indicates
that a critical oxide thickness exists, where the figures of merit are satisfied and a low turn-on
voltage is achieved, with contributions from leakage currents having a lower impact on device
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properties. However, in order to study this, a controlled oxide deposition technique should
be employed as the native oxide does not provide the necessary oxide properties, and the
uncertainty of reproducibly growing and controlling the oxide properties by high temperature
oxidation is also not recommended. Alternative methods would include anodic oxidation[28–30]
and atomic layer deposition[30, 32, 142], which have also been used to study MIM performance.
5.6 Native oxide MIM diodes – implications of potential
commercial implementation
The Nb/Nb2O5/Ag device architecture gave the best FOMs from all native oxide MIM
devices tested in this study, a result which was not expected from initial theoretical analysis.
In an ideal case, a high workfunction metal in a configuration utilising a high electron affinity
insulator should have given the optimum result, although due to reasons previously discussed,
the deviation from theoretical expectations was found to be very high on a few occasions. The
end result is the conclusion that a native oxide is unreliable of yielding structures on which
the properties can be reproduced with the accuracy of what theory implies, this compared to
the study in ref. [30], where a controlled growth of the oxide gave results that comply with
previously discussed expectations (see Figure 5.9[c]). Although the Nb/Nb2O5/Ag device meets
the FOM criteria, the asymmetry value is too low to comply with the requirements outlined
in Section 5.3, where it is highlighted that an asymmetry FOM should exceed unity, since
the reverse leakage currents must be reduced to a minimum. If a device is to be used in a
Rectenna, it would need to have a large asymmetry, otherwise the signal will not be rectified
efficiently, this having an impact on the whole device efficiency. Nevertheless, the native oxide
device benefits from having an easy, cheap and scaleable fabrication route and would be ideal
as a component in a device which would not be affected much by the lower FOMs, such as for
example photo or IR detectors[37].
To highlight the difference in the performance of the native oxide structure, it is compared
to similar structures and their performance at 0.5 V (Table 5.6), since as outlined in Section
5.3, the rectification ability at low bias is important if a device is to be used for solar rectenna
applications. The observed nonlinearity and responsivity is approximately the same for the
native, thermal and 16nm oxide Nb/Nb2O5/Ag devices at 0.5 V (Table 5.6), implying some
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Table 5.6: Comparison of the Figures of Merit at ±0.5 V of various Nb/Nb2O5/Ag diodes with
different oxide thicknesses and top metal growth type, including a Si/Cr Schottky barrier diode,
with a workfunction difference similar to that of Nb/Ag, for comparison. (note: Cr/Si SBD
FOMs taken at ± 0.25V )
Nb/Nb2O5/Ag
(native oxide)
Nb/Nb2O5/Ag
(thermal oxide)
Nb/Nb2O5/Ag
(16nm oxide)
ref. [30]
Nb/Nb2O5/Ag
(16nm oxide -
rapid screening
technique)
ref. [28]
Cr/Si Schottky
barrier diode
Workfunction
difference
+0.44 +0.44 +0.44 +0.44 +0.40
Asymmetry 3.79 1.35 7.4 ≈100 1669
Nonlinearity 3.3 3.0 3.5 ≈8 0.2
Responsivity 5.7 V−1 5.2 V−1 5.0 V−1 - 10 V−1
consistency and an ability to compare the performance. However, the asymmetry of the native
oxide, although higher than the thermal oxide device due to reasons discussed earlier, is twice
as low as the 16nm oxide device from ref. [30]. This confirms a previously discussed conclusion
that the native oxide is not sufficient for optimum MIM performance. However, the 16nm oxide
device also falls short of what could be classified as good MIM performance. For comparison, a
Cr/Si Schottky barrier diode (presented in Chapter 4) exhibits a very high asymmetry at half
the biasing condition.
The device from ref. [30] exhibits even higher FOMs in a previous study (ref. [28]) where
these properties were studied by employing a rapid screening technique consisting of a bent
wire of the top metal material, placed in contact to the Nb/Nb2O5 layers. However, the
results from this screening were not able to be reproduced in a device form, probably due
to processes discussed earlier, such as Fermi-level pinning. An interesting observation from
these two studies (refs. [28] and [30]) is the response from the Nb/Nb2O5/Pt device, which
showed fasym, fNL, fRES values of respectively 1500, 4 and 20 V
−1 with the rapid screening
technique, whereas in a device form these FOMs were enhanced to 7742, 4.7 and 52.2 V−1.
The higher workfunction of Pt is the source of these higher FOMs, and possibly FLP could
explain the increase in these values with the screening characterisation compared to the device
performance. Nevertheless, the FOMs for a Pt top metal device are much higher than the
Ag top metal, which indicates that the native oxide Nb/Nb2O5/Ag MIM diode would not be
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suitable for solar rectenna applications as it will be very inefficient as a rectifier. A study of
native oxide Nb based MIM device with Pt top electrode would be interesting and therefore
should be pursued as future work.
The Cr/Si Schottky barrier diode has FOMs of the order of those for the Nb/Nb2O5/Pt
state-of-art MIM diode, however it would also not be suitable for solar rectenna applications
as the cut-off frequency was estimated at only 40 GHz.
5.7 Summary
A systematic study into lateral MIM diodes with a native oxide based on various bottom
metal electrodes and their oxide derivatives have been investigated using a wide selection of
different workfunction top metal electrodes. It was established that a high electron affinity
insulator is preferable for optimum low-bias rectification performance. The best performing
MIM diode structure was found to be the Nb/Nb2O5/Ag device, which displayed the highest
diode figure of merits with a maximum asymmetry of 35.6, nonlinearity of 4.0 and responsivity
of 7.9 V−1. However, the response from the studied devices does not comply with theoretical
expectations which is attributed to workfunction offset and leakage currents through the native
oxide barrier. It is not apparent whether the leakage paths are due to the material property
of the native oxide layers or as a result of imperfections during the manufacturing process.
Further work is required to better understand the origin of these leakage paths, and will help
identify what needs to be refined in order to achieve better response and more consistency in
fabricating such structures. Therefore, the study concludes that, although using a non-ideal
oxide is sufficient for a diode response, devices with a native oxide are unlikely to be suitable
for high end applications such as rectenna energy harvesting or THz imaging. However, the
simple, low-cost fabrication route and good rectification response would be sufficient for less
demanding applications, such as IR or Optical sensors.
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Chapter 6
Metal-Insulator-Insulator-Metal diodes
with RHEED assisted PLD grown
insulating layers
M
IIM devices were proposed as an improved concept to the single-insulator MIM
device. The additional barrier of dissimilar electron affinity introduces further
possibility to vary the tunnelling mechanism in forward and reverse bias, and thus
increase the I-V asymmetry, nonlinearity and responsivity of the tunnel diode. In this Chapter,
the MIIM diode fabrication process is summarised and the origin of the I-V asymmetry will be
qualitatively illustrated for the simple case of similar metal electrodes and dissimilar insulator
electron affinity, whilst maintaining a non illuminated and thermally equilibrated device. A
few examples of MIIM diodes have been reported in the literature [153–158, 160, 198], all using
atomic layer deposition to grow the ultra-thin double oxide barriers within this multi-layer
structure. Within this Chapter, the performance of double insulator devices is compared to
single insulator devices grown using RHEED assisted PLD, a technique that allows monolayer
deposition control whilst maintaining a high quality of the growth. Unlike ALD, RHEED
assisted PLD is only relevant for research purposes and has not previously been used to study
MIIM devices. However, it provides an easily reproducible layer growth, which can be used
to characterise MIIM devices, aiming to identify suitable device architectures for use in high
frequency applications. The results in this work present a proof-of-concept and an initial study
of various MIIM and MIM devices with layers grown by RHEED assisted PLD.
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6.1 Fabrication steps
Controlled growth of two oxides is a very challenging task as both insulators must be
ultra-thin (up to 5 nm each) and have a clean interface with no conduction paths. In the
literature, a well established technique for growth of two barrier layers in between the metal
electrodes is atomic layer deposition[158–160]. An alternative, although only applicable for
research purposes, is RHEED assisted PLD – a technique selected to investigate the concept of
MIIM devices within this work. (note: This technique was mainly selected due to availability
and lack of access to an ALD system.) The device fabrication process for MIIM devices is
similar to the one outlined for MIM diodes, with the exception that the multi-layer deposition
is performed in different vacuum chambers. This introduces the possibility of interface defects
caused by foreign particles introduced to the surface due to the unclean environment during
the transfer between chambers. The 8 step subtractive processing route is outlined:
1. Preparation and cleaning of 5mm2 STO substrates
Single side polished, 5 x 5 mm, crystalline SrTiO3 (STO) substrates were used to grow
MIIM layers. The first step is a standard solvent clean to wash the STO substrates before
introducing them into the vacuum chamber for device growth. (details outlined in Step
1., Appendix A.1)
2. Bottom electrode growth
Due to the high-temperature oxygenated environment during RHEED assisted PLD, the
use of most metals as a bottom electrode would be inappropriate. Furthermore, the
growth monitoring when using RHEED would not be possible when using amorphous
metals grown by sputter deposition, as they will not give a diffraction pattern on the
RHEED screen. Therefore, the bottom electrode in this case would need to be a con-
ductive oxide. SrRuO3 (SRO) was selected for its good metal-like conduction and grown
epitaxially using pulsed laser deposition (see Appendix A.9).
3. Growth characterisation
The SRO layer thickness (typically 200 - 300 nm) is characterised using the Dektak™ pro-
filometer (Appendix A.5), the crystallinity is characterised using X-ray diffraction (Figure
A.8, Appendix A.9.1), and the electrical conductivity is confirmed.
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4. Insulator growth
The sample is placed in the PLD chamber with the RHEED apparatus. LaAlO3 and
SrTiO3 are then grown to produce different combination and thicknesses of double insu-
lator layers. (RHEED PLD deposition parameters are summarised in Appendix A.9.2).
5. Top electrode growth
The sample is then placed in the Mantis™ QPrep Deposition System for top metal elec-
trode deposition. A metal with a dissimilar workfunction to SRO is chosen. This com-
pletes the multi-layer deposition process. (Appendix A.6 summarises the sputter deposi-
tion parameters)
6. Photolithography
A photolithography step is performed using Mask 5 (Figure A.6, Appendix A.3.1). The
photolithography procedure is outlined in Appendix A.3.2.
7. Argon ion milling
The area remaining uncovered from the photoresist is milled using an Argon ion milling
process on an Oxford Applied Research™ IM150 system. The milling is stopped once
the top electrode and oxide layers are removed, and the bottom electrode is unveiled,
providing probing access. (Ion milling process is outlined in Appendix A.8)
8. Photoresist stripping
The photoresist is dissolved by immersing the samples in acetone solution for 1 minute
in an ultrasonic bath. The MIIM diodes are now complete (Figure 6.1).
Figure 6.1: Schematic of the lateral MIIM diode structure fabricated for this work
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6.2 Principle of operation
A Metal-Insulator-Insulator-Metal junction, at zero bias and ideal Fermi level pinning has
a band structure as depicted in Figure 6.2. Metal 1 and Metal 2 are the same and Insulator 1
has higher electron affinity than Insulator 2.
Figure 6.2: Ideal band diagram for a MIIM diode under zero bias, with the same metal electrodes
(Φ1 = Φ2) and two Insulators of equal thickness (χ1 > χ2), EF the Fermi level, dt the tunnel
distance and VA the applied voltage.
When a negative bias is applied to Metal 1 w.r.t. Metal 2, the bands shift as in Figure 6.3a,
where the effective tunnelling distance, dt, is of the length of both insulator thicknesses and di-
rect tunnelling through both insulators is observed. Increasing the negative bias will eventually
shift the bands to the situation in Figure 6.3b and the dt is now shorter, however the electrons
will fall into the Quantum Well (QW), from where the tunnelling probability is reduced.
Figure 6.3: Ideal band diagram for the MIIM diode from Figure 6.2 under a) negative bias and
b) increased negative bias.
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By applying a small positive bias to Metal 1 w.r.t. Metal 2, the initial tunnelling will occur
directly through both insulators as in Figure 6.4a. Increasing the positive bias will shorten
the effective dt and the tunnelling remains direct but through only one of the insulators (Fig-
ure 6.4b). A continued increase in the applied positive bias will promote Fowler-Nordheim
tunnelling, whilst under reverse bias conditions, electrons will continue to tunnel into the QW.
Figure 6.4: Ideal band diagram for the MIIM diode from Figure 6.2 under a) positive bias and
b) increased positive bias.
Hence, the origin of the asymmetry in the I-V curves of MIIM diodes with similar metal
electrodes is due to the shift in dominant tunnelling mechanism during forward and reverse
bias and the formation of the Quantum Well due to using insulators of dissimilar electron affin-
ity. By employing different metal electrons, the rectification properties of MIIM diodes can
be further improved. This would only be beneficial if the lower workfunction metal is grown
on the side of the lower electron affinity insulator. In such a case, the barrier height at the
MI interface will be lower and the more probable Fowler-Nordheim tunnelling will occur at a
relatively lower bias (this can be realised by looking at Figure 6.4b and noticing that the I2/M2
barrier height will be lower by using a metal with a lower workfunction).
If the thickness of the higher electron affinity insulator is increased relative to the other
insulator then the QW will be wide enough to form resonant energy levels[154, 157]. These
quantised resonant tunnelling energy levels have electron transmission probabilities higher than
that for adjacent energy levels. Therefore, they introduce significant asymmetry into the I-V
curve[33] in the opposite direction to the one which would be observed if no resonant tun-
nelling states are present (step MIIM), as discussed and shown by Grover & Moddel[157](see
Figure 2.10). Adding extra insulators with resonant levels further increases rectification[199].
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6.3 I-V analysis of MIIM diodes with RHEED assisted
PLD oxides - Proof of concept
SRO bottom electrodes were used to study MIIM devices, with layers grown by RHEED
assisted PLD. The high deposition temperatures and oxygen environment during pulsed laser
deposition restricts the usage of most metals as they would form a metal oxide of unknown
thickness during the oxide deposition from the PLD target material. Platinum may be used as
the bottom electrode since it has a very low reactivity with oxygen, however another challenge
is to have a crystallised metal growth as metals tend to grow amorphous with sputter deposition
and therefore RHEED cannot be used. SrRuO3 grows epitaxially via PLD (see Appendix A.9.1)
and therefore can be used with RHEED for monolayer oxide deposition monitoring.
As a proof of concept, a SRO/LAO/STO/Ni MIIM device was compared to a SRO/LAO/Ni
MIM device with the same thickness of the barriers. The workfunction of the SRO and NI are
similar, whereas the electron affinity of the LAO and STO are different (Table 6.1).
Table 6.1: Metal workfunctions and insulator electron affinities for the materials used in MIIM
devices. Values obtained from [29, 195, 200–202]
Material Workfunction (eV) Electron Affinity (eV)
Nb 4.30 -
Ni 5.15 -
SrRuO3 5.20 -
LaAlO3 - 2.5
SrTiO3 - 3.9
The total thickness of the oxides in both devices is 12 unit cells (1 u.c. LAO is 0.38 nm
whereas 1 u.c. STO is 0.4 nm). By analysing a schematic of their ideal band alignment (Figure
6.5) and taking into account the principle of operation for MIIM devices (Section 6.2) and
MIM devices (Section 5.2), the SRO/6 u.c. LAO/6 u.c. STO/Ni diode is expected to have
diode activity in its negative bias (reverse bias), whereas the SRO/12 u.c. LAO/Ni diode
should appear symmetric due to the similar workfunction of both electrodes although a slight
enhancement should be visible in reverse bias. The real band offsets could be affected by FLP
and although the MIIM device response is not expected to be affected, the MIM device could
have current enhancement in positive bias. The I-V curves for these structures are shown in
Figure 6.6.
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Figure 6.5: Band alignment schematics (ideal) for [a] SRO/6 u.c. LAO/6 u.c. STO/Ni (MIIM)
and [b] SRO/12 u.c. LAO/Ni (MIM) devices.
As predicted from the ideal band alignment schematics, the SRO/LAO/STO/Ni device
has current enhancement in reverse bias, whereas the SRO/LAO/Ni device appears symmetric
(Figure 6.6). The maximum asymmetry for the MIIM device is 7.36 at ±8 V, whereas the
MIM device has maximum asymmetry of 1.31 at ±5 V, with the current enhancement being
in the positive bias. This proves that the MIIM device outperforms the MIM device and also
introduces asymmetry in the I-V characteristics when similar workfunction electrodes are used
due to the difference in insulator electron affinity, however the diode characteristics are realised
at a very large voltage. The oxide(s) in these structures appear to be too thick to allow low-
bias electron tunnelling and therefore the thickness of successive test structures was halved to
achieve low-bias rectification – results are presented and discussed in the next section.
Figure 6.6: Experimental I-V response comparison of SRO/LAO/Ni (MIM) to
SRO/LAO/STO/Ni (MIIM) devices.
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6.4 MIIM diodes – Asymmetry Figure of Merit
Two MIIM and two MIM device architectures were studied with SRO being the bottom
and Nb the top electrode, the thickness of the insulator(s) was kept the same at 6 u.c. Nb was
selected to promote asymmetry in the MIM devices due to its lower workfunction compared
to SRO (Table 6.1). The device architectures are detailed in Table 6.2 with all devices being
assigned with a sample identifier.
Table 6.2: MIIM and MIM studied device architectures.
Sample ID Device architecture Bottom electrode Insulator 1 Insulator 2 Top electrode
MIM/STO SRO/STO/Nb 200nm SRO 6 u.c. STO - 50nm Nb
MIM/LAO SRO/LAO/Nb 200nm SRO 6.u.c. LAO - 50nm Nb
MIIM/STO-LAO SRO/STO/LAO/Nb 200nm SRO 3 u.c. STO 3 u.c. LAO 50nm Nb
MIIM/LAO-STO SRO/LAO/STO/Nb 200nm SRO 3 u.c. LAO 3 u.c. STO 50nm Nb
By applying the analysis from the principle of operation of MIM (Section 5.2) devices, the
expected performance of both MIM devices based on STO and LAO should be asymmetrical
with the current enhancement being in the negative bias. This is because the barrier height at
the SRO/Insulator should be higher than the Insulator/Nb barrier as depicted in Figure 6.7 [a]
and [b]. Furthermore, similar to the trend discussed in Section 5.4.1, since STO has a higher
electron affinity than LAO, the MIM/STO device is expected to have higher asymmetry than
MIM/LAO. As discussed in the previous section, the SRO/LAO/STO/Ni device was expected
and shown to have its current enhancement in the negative bias regime (Figure 6.5 [a]). Simi-
larly, the MIIM/LAO-STO (Figure 6.7 [c]) device should exhibit similar I-V behaviour as the
asymmetry is dictated by the difference in the electron affinity of the insulators, as discussed
in Section 6.2. On the other hand, the MIIM/STO-LAO (Figure 6.7 [d]) device should exhibit
current enhancement in positive bias.
The asymmetry in these MIIM devices is also enhanced by using dissimilar workfunction
metals. However, this is only applicable in the case where the lower electron affinity insulator
is next to the lower workfunction metal, where the barrier would be lower than if a metal of
higher workfunction is used. The lower barrier height would promote the FN tunnelling sooner
in forward bias, whilst in reverse bias a quantum well would form. It can be deduced that
using Nb should produce better response than Ni for the MIIM/STO-LAO device architec-
ture. If the higher electron affinity insulator is placed next to the lower workfunction electrode
(MIIM/LAO-STO), the barrier height would be lower but the response would not be affected
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Figure 6.7: Band alignment schematics (ideal) for [a] MIM/STO, [b] MIM/LAO, [c]
MIIM/LAO-STO and [d] MIIM/STO-LAO devices.
as a quantum well would form when electrons tunnel from the lower workfunction electrode.
Therefore, the MIIM/STO-LAO is expected to have better asymmetry than the MIIM/LAO-
STO device.
The I-V curves for all MIM and MIIM devices show a degree of asymmetry as seen in Figure
6.8, although no apparent asymmetry difference can be immediately noticed when comparing
all responses as an absolute current in log scale (Figure 6.9). All asymmetry results are sum-
marised in Table 6.3, where it can be seen that the criteria outlined in Equation 2.4 is met from
all studied devices and the obtained current enhancement is also as predicted. In comparing
both MIM devices, it is seen that the MIM/STO diode performs better than the MIM/LAO
as was expected since STO has a higher electron affinity than LAO. With the MIIM devices,
the MIIM/LAO-STO diode performs slightly better than the MIIM/STO-LAO, which is not
expected as with this configuration the barrier height at the electrode/insulator interface from
which the current enhancement should be obtained is higher for the case with SRO/LAO than
LAO/Nb. A lower barrier height should promote a different tunnelling mechanism sooner and
thus exhibit better I-V characteristics at a relatively lower bias, which is not seen in this case.
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Figure 6.8: Experimental Current-Voltage plots for [a] MIM/STO, [b] MIM/LAO, [c]
MIIM/LAO-STO and [d] MIIM/STO-LAO devices.
Figure 6.9: Plot of experimental absolute current in log scale versus voltage for the studied
MIM and MIIM devices.
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Table 6.3: MIIM and MIM asymmetry figure of merit.
Sample ID
Device
architecture
Asymmetry
at ±1 V Current enhancement +/- bias
Expected Obtained
MIM/STO SRO/STO/Nb 2.16 negative bias negative bias
MIM/LAO SRO/LAO/Nb 1.44 negative bias negative bias
MIIM/STO-LAO SRO/STO/LAO/Nb 1.22 positive bias positive bias
MIIM/LAO-STO SRO/LAO/STO/Nb 1.59 negative bias negative bias
Furthermore, the MIIM device performance did not meet the predictions to exhibit better
I-V response than the MIM devices. However, as presented in the previous chapter, the MIIM
device displayed a maximum asymmetry 5.6 times higher than the MIM device, with the grown
layers being too thick to allow for low-bias rectification. The thinner layers show asymmetry at
the lower biases, which provides proof for the need to control the thickness of the layers. How-
ever, the reason for the poor performance of the MIIM compared to the MIM devices requires
further investigation by analysing the layers under a transmission electron microscope.
6.5 MIIM diodes – layer analysis
The MIIM/STO-LAO and MIIM/LAO-STO samples were analysed by cutting a FIB cross-
section and then imaged using a high resolution TEM (see Figure 6.10). It can be seen that the
STO substrate contains defects most probably developed during the substrate manufacturing.
These imperfections have caused defects and possibly increased the roughness in the grown
SRO layer. The figure also shows defects on the top which can be described as V-groove
defects, which are suspected to have developed due to the imperfect STO substrate. The defect
sites are regions where leakage currents can pass between the electrodes and can therefore
have detrimental effects on the I-V characteristics of the device. The MIIM/STO-LAO device
displays more V-groove defects than the MIIM/LAO-STO device and this is realised in the
comparably poor performance of this device.
The main conclusion from these samples is that the STO substrates were the culprit for the
lower asymmetry figure of merit of the MIIM devices compared to the MIM devices. Since all
the STO substrates were from the same batch, these imperfections may exist with the MIM
devices too, however the defect concentration can not be estimated and must be analysed in
future work to confirm the reasons for the low asymmetry FOM in these diodes.
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Figure 6.10: TEM images from FIB cross-sections on the MIIM/STO-LAO sample (top) and
MIIM/LAO-STO sample (bottom).
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6.6 Summary
Presented in this Chapter were the initial results into the study of MIIM diodes with oxides
grown by RHEED assisted PLD. The first structures prepared to compare the performance of
a MIIM to a MIM device with a similar oxide thickness showed a proof of concept with the
asymmetry figure of merit being considerably higher, however this was achieved at a high bias.
By reducing the thickness of the oxides, low-bias rectification was achieved, but the asymmetry
FOM was very low, which is attributed to the existence of leakage current paths as a result of
the imperfect STO substrate causing the layers to grow with V-groove defects. In conclusion,
the study showed that RHEED assisted PLD is a good versatile technique that can be used to
produce high-quality layers in studying MIIM devices as it offers the advantages of repeatably
growing and easily controlling the thickness of the oxides with monolayer precision. The work
should be continued by ensuring good substrates are used to study the same device architectures
again, and to also study the performance of other oxides.
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Chapter 7
Conclusions
T
he work on thin-film diode structures presented in this thesis was motivated by the
potential social and economic impact, and interest in advanced energy applications,
such as the Rectenna device, with the objective of optimising a fabrication process
using conventional economic techniques and studying diode devices systematically to test the
theory and compare their performance. The RECTifying antENNA (RECTENNA) device con-
cept was reviewed for its state-of-art performance and efficiency limits as a device for microwave
power transmission and solar energy harvesting. Various diode structures were identified and
reviewed for their potential high frequency operation ability. Furthermore, a few rectenna ar-
chitectures were proposed for their potential for future success.
Experimenting with various sputter and pulsed laser deposition, ion milling, reactive ion
etching, and photolithography process parameters have lead to optimising an in-house fabri-
cation route for Schottky barrier, Metal-Insulator-Metal and Metal-Insulator-Insulator-Metal
diode devices.
A diode performance criteria was devised to identify diode architectures, suitable for device
integration. Silicon based Schottky barrier diodes with various top metals (Al, Ag, Au, Cr,
Mo, Nb, Ni and Ti) were investigated and compared for their suitability as either a passive or
active component in energy devices. All structures showed good performance based on their
I-V characteristics, however analysing them against the set performance metrics deduced that
the Al SBD requires further refining, whereas all other metals performed well.
Leakage current magnitude was confirmed to decrease with a higher Schottky barrier height,
which however is required to be sufficiently low to allow a large flow of excited electrons if the
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SBD device is to be used as an active device. A good balance for both requirements is realised
from the Mo, Nb and Ni devices. However, analysing the ideality factors for all metal SBDs
revealed an excessively high value for Al at 2.79, whereas all other metals having low ideality,
with Cr, Mo, Ni and Ti close to unity and Ag, Au and Nb requiring more refinement. There-
fore, Mo and Ni were the two devices proposed as candidates for active components in energy
harvesting or detection devices.
High asymmetry indicates good rectification performance for silicon based Schottky barrier
diodes, with values as high as the best performing MIM devices reported by [30]. In reducing
the bias at which the asymmetry is calculated from ±0.5 to ±0.1 V, the magnitude of this FOM
decreases by a few orders of magnitude, especially below the turn-on voltage of the diode. The
best low-bias rectification performance and lowest ideality factor metals were Cr, Mo, Ni and Ti
which are proposed for further investigation as passive components in energy applications. For
harvesting devices, these SBDs must also meet the high cut-off frequency criteria, but with the
current peak at 39.6 GHz for the Cr SBD, this goal is far from reach and therefore the current
devices would be best suited for detection devices or microwave power transmission rectennas.
Metal-Insulator-Metal diodes based on Al, Cr, Nb and Ti bottom metals, their native oxide
derivative and various top metals were studied to identify candidates for low-cost, easily batch
fabricatable rectifiers for integration with antennas for harvesting or detection applications. By
comparing the performance of same top metal MIM devices, it was established that a high
insulator electron affinity is beneficial for a good low-bias rectification performance of the MIM
devices with native oxides. A systematic study was then conducted using the native oxide
derivative of Nb and Ti and a selection of top electrodes (Ag, Al, Au, Cr, Mo, Nb, Ni and
Ti). It was expected that a higher workfunction difference would increase the asymmetry of
the MIM device, although due to the non-ideal native oxide, leakage currents showed to be
dictating the device performance.
The Nb/Nb2O5/Metal system showed generally higher diode figure of merits compared to
the Ti/TiO2/Metal devices, with the best performing structure identified to be the Nb/Nb2O5/Ag
device with a maximum asymmetry of 35.6, nonlinearity of 4.0 and responsivity of 7.9 V−1.
The performance of this device architecture with a native oxide was compared to a similar
device with a thermally grown oxide of unknown thickness and published examples of the same
device structure with oxides grown by a controlled method[28, 30], revealing the importance of
controlling the quality of the grown oxide layer as this is the origin of performance losses for
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MIM diodes.
Therefore, it was concluded that a native oxide is unlikely to provide the necessary perfor-
mance metrics to be used as a passive component in a solar rectenna device, despite showing
rectification performance. However, its advantages of having a low-cost, simple fabrication
route, makes these devices appealing for less demanding applications such as light detection.
Finally, an initial study into Metal-Insulator-Insulator-Metal diodes with oxides grown by
RHEED assisted PLD showed a proof of concept with a MIIM device outperforming a similar
MIM device. Further structures were then analysed, failing to show the expected performance,
this attributed to defects present in the substrate material. Nevertheless, this initial study iden-
tified RHEED assisted PLD as a strong technique to be used in future study of double-insulator
tunnel diodes.
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Chapter 8
Future Work
T
his work was the first approach to study thin-film diodes systematically in an attempt
to identify suitable structures to pursue further device integration and prototype fab-
rication. This future work can be classified into two major directions – future work
on current device investigation and future work on device integration.
Schottky barrier diode fabrication process should be performed completely under a clean-
room environment as to reduce the amount of foreign matter on the Metal-Silicon interface and
therefore improve the performance metrics for these devices. This step is expected to yield bet-
ter ideality factors and optimised barrier heights for all studied devices. Parasitic capacitance
would also be reduced and therefore higher cut-off frequencies can be achieved. Furthermore,
Ti was used as the back contact as it was readily available in the sputter deposition chamber.
A study into which back contact produces the lowest series resistance would enable to further
decrease the RC product for the SBD devices.
At the time of writing, work had already begun on fabricating nano-pillar SBD devices by
initially growing the device layers, followed by polystyrene colloidal lithography and ion milling,
with the resulting array of nano-pillar Schottky barrier diodes analysed by a conductive atomic
force microscopy (C-AFM) technique to measure their I-V response. Initial results suggest
rectification behaviour of the devices, however due to the laser of the AFM, a non-zero current
is registered at 0 V due to the photoelectric effect from the silicon substrate – an issue yet to be
rectified. Further analysis will involve characterising the performance of the devices in terms of
the performance metrics outlined in this thesis to determine whether the reduced device area
produces Schottky barrier diodes with better ideality factors and increased cut-off frequency.
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With MIM diodes, it would be interesting to test a Pt top metal on the Metal/Native oxide
bases to contrast against the current state-of-art device described by ref. [30]. An important
future work is to study these native oxide MIM diodes with FIB-TEM to establish and confirm
the origins of the leakage currents observed from these structures. An equally important future
work is to determine the current cut-off frequency of these devices.
Further device investigation with MIM native oxide diodes would see a similar approach
to the above proposal for nano-SBD devices, namely to study the performance of nano-pillar
native oxide MIM diodes. Reducing the device surface area would reduce the probability of
oxide imperfections causing leakage current paths and therefore is expected to yield improved
figure of merits and increased cut-off frequency.
The provisional results from double-insulator MIIM diodes gave a promising indication that
these structures can perform much better than single-insulator MIM diodes. This work should
be continued by studying high electron affinity insulators and testing the hypothesis that a
higher workfunction metal adjacent to the higher electron affinity insulator would yield a bet-
ter diode performance. Furthermore, the right thickness should be identified, where optimum
device performance is obtained.
Graphene geometric diodes, reviewed in Chapter 2, are a very promising next generation
technology for high frequency operation and may fill the performance gap that the MIM and
even MIIM diodes currently are yet to fulfil. However, this technology is at a very early stage
of development and many optimisation routes can be taken to study such devices. It is the
author’s future ambition to study the performance of geometric diodes and optimise a low-cost
fabrication route using conventional techniques.
The work presented in this thesis has identified suitable candidates for use in low-cost en-
ergy applications, other studies have also identified antennas and rectifiers with potential for
success. From the review of obtained and derived efficiencies in Figure 2.6, it was seen that the
literature lacks experimental rectenna devices for solar energy harvesting. This can be easier
realised by reducing Figure 2.6 and only plotting all the reported experimental devices for a
rectenna either MPT or Solar (Figure 8.1). A gap is immediately evident in the THz region of
Figure 8.1, where the only experimental efficiency in the plot at THz is the device by Knight
et al.[13], which should strictly be classified as a hot-electron device with low efficiency and
therefore making its use limited to light detection. Although, further optimisation work for
both antennas and rectifiers are possible, an important next step is to produce prototypes and
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measure the efficiencies at different frequencies to help determine new areas for device improve-
ment. There are many studies on antenna and rectifier development, however a less mature
field where future work must concentrate is impedance matching of these two components,
otherwise the production of an efficient solar rectenna is a long way ahead of us. Alongside this
study, antenna and rectifier integration must be done and yield efficiency values to populate
Figure 2.6. The author predicts that first generation solar rectennas will fall short in efficiency
before the aimed third generation rectennas are realised, although producing such devices is
of extreme importance for the future of the field. Generation one devices will probably be
the turning point in rectenna research as they will potentially unlock further areas of device
research. Therefore, second generation devices should follow soon after generation one. The
breakthrough by Gadalla [120] can be considered as a generation one rectenna device, however,
a conversion efficiency needs to be calculated for the necessary conclusions to be drawn. The
future goal of this work is to take the studied devices, integrate them with nano-antennas and
test their performance as a whole device, thus giving rise to further generation one rectennas.
Figure 8.1: Reported experimental conversion efficiencies (as defined by their authors) at their
maximum operating frequency of a rectenna device. Three generations of future devices are
predicted where the gap of experimental rectennas is prominent. Data collected from [3, 4, 7,
8, 10, 11, 13, 39, 41–44, 46–48, 50–92, 100–115]
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Appendix A
Fabrication procedures & parameters
P
resented in this Appendix are the detailed procedures and parameters used during
the fabrication techniques for the work outlined in this thesis. Also featured are the
characterisation processes used as a mean to control repeatability and quality of the
samples. All methods presented were optimised by or under the direction of the author.
A.1 RCA standard clean
The RCA standard clean was developed by Werner Kern in 1965 while working for the
Radio Corporation of America (RCA)[203]. Variations of the original technique exist and are
overviewed in [203]. An immersion methodology, using dipper baskets and dedicated high-
density polyethylene beakers for each solution has been selected, satisfying both safety and
quality control concerns. (please note: Personal protective equipment is essential for the safety
of the user, these include a lab coat, acid-resistant clothing, safety glasses and chemical resistant
gloves. The procedure should be performed in a certified fume cabinet. Waste should be clearly
labeled and disposed in accordance with institutional regulations. Acid should always be added
to water! Hydrogen Peroxide should always be added to sulphuric acid! Since HF is to be used,
always ensure Calcium Gluconate first aid gel is available nearby! Exclusive training is required,
conducted by a registered user and a risk assessment carried out before attempting any of the
steps in the RCA standard clean procedure. The reproduction of this method without following
your institutional safety guidances is not recommended!)
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Step 1. Solvent clean
i. Place sample in a beaker with Acetone for 5 minutes in an ultrasonic bath at room
temperature
ii. Dry with a Nitrogen (N) gun
iii. Place sample in a beaker with Isopropanol for 5 minutes in an ultrasonic bath at room
temperature
iv. Dry with a Nitrogen (N) gun
Step 2. RCA 1 (Organics removal)
i. Mix solution of 1 part Ammonium Hydroxide (NH4OH), 1 part of Hydrogen Peroxide
(H2O2) and 5 parts Distilled Water (DI)
ii. Place solution in beaker and heat beaker in a water bath to 70-80℃
iii. Place samples in heated solution and keep for 10 minutes
iv. Transfer samples in a beaker of DI water to transfer to next step
Step 3. HF Dip (Oxide removal)
i. Mix solution of 1 part 50% Hydrofluoric Acid (HF) and 10 parts DI water in a dedicated
plastic beaker
ii. Place samples in solution and keep for 1 minute at room temperature
iii. Place samples in a beaker of DI water to transfer to next step
Step 4. RCA 2 (Metals removal)
i. Mix solution of 1 part Hydrochloric acid (HCl), 1 part Hydrogen Peroxide (H2O2) and
5 parts DI water
ii. Place solution in beaker and heat beaker in a water bath to 70-80℃
iii. Place samples in heated solution and keep for 10 minutes
iv. Transfer samples in a beaker of DI water to transfer to next step
Step 5. (optional) Piranha (Organics removal)
i. Mix solution of 1 part Hydrogen Peroxide (H2O2) and 4 parts Sulphuric Acid (H2SO4)
ii. Place solution in beaker, the exothermic reaction will reach temperatures up to 125℃,
keep samples for 10 minutes
iii. Transfer samples in a beaker of DI water to transfer to next step
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Step 6. if step 5. is performed, repeat step 4. (this is because step 5 will induce oxide
re-growth and therefore step 4 is required to remove the oxide)
Step 7. Dry & Store
i. Dry samples with a Nitrogen (N) gun
ii. Spin coat with HMDS primer and photoresist (details in Appendix A.3.2)
A.2 Filmetrics™ characterisation
The Filmetrics™ F50 is a thin film measuring technique which uses spectral reflectance to
register thickness changes in a similar way to an Ellipsometer. Silicon oxide thickness mea-
surements are performed using this tool for step 3. of the Schottky barrier device fabrication,
following the RCA standard clean to confirm the oxide removal. Figure A.1 shows a typical
output of the reflectance spectra obtained from a Si sample which in this particular case was
characterised to have a 3.34 nm of SiO2 layer.
Figure A.1: Reflectance spectra taken from a Si sample, measured to have a 3.34 nm SiO2
layer. The goodness of the fit is 0.9972, indicating a very accurate measurement.
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A.3 Photolithography
A research lab photolithography technique has been used with the following equipment:
• SU¨SS MicroTec™ Delta6 RCTT manual spin coater system
• Ulvac™ DTC-21 diaphragm vacuum pump to hold samples during spinning
• Karl Suss™ MJB3 mask aligner with a 350W mercury short-arc lamp (providing exposure
wavelengths of 350-400nm)
• KNF™ LABOPORT® oil-free diaphragm pump to hold the mask to the mask aligner
mask housing
• Standard laboratory hot plate
• Hexamethyldisilazane (HMDS) primer bond-coat
• AZ 5214E positive photoresist (PR)
• AZ 400K developer solution
• Lithography masks (listed in Section A.3.1)
A.3.1 Lithography masks
Figures A.2, A.3, A.4 A.5, and A.6 show the lithography masks that have been used in the
photolithography steps during production of the test structures.
The exposed area of Mask 3 (Figure A.4) and the unexposed area of Mask 4 (Figure A.5)
form the active area of the Schottky barrier and MIM devices respectively. The size of the
different sized ovals are as follows:
• Size 1 - Smallest - 44800 µm2
• Size 2 - Small - 142100 µm2
• Size 3 - Large - 284400 µm2
• Size 4 - Largest - 396200 µm2
The unexposed area of Mask 5 (Figure A.5), used for MIIM diode fabrication features 36
devices of 85580 µm2 area, excluding the circular insert.
153
Figure A.2: Mask 1, medium size ovals. Blue area indicates the unexposed parts of the mask.
Figure A.3: Mask 2, large size ovals. Blue area indicates the unexposed parts of the mask.
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Figure A.4: Mask 3, small size ovals (inverse). Blue area indicates the unexposed parts of the
mask.
Figure A.5: Mask 4, small size ovals. Blue area indicates the unexposed parts of the mask.
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Figure A.6: Mask 5, square patterns with circular insert. White area indicates the unexposed
parts of the mask.
A.3.2 Lithography steps
1. Solvent clean the sample as per Step 1., Appendix A.1. (optional)
This step removes contaminants and particulates on the surface of the sample, reduces
the possibility of pinholes and other defects arising later on in the process and improves
photoresist or primer adhesion.
2. Bake – place the sample on a hot plate at 100℃ for 5 minutes to evaporate any moisture
on the surface. (optional)
3. Place the sample on spin coater chuck and activate vacuum to hold in place.
4. Primer application – using a sterile plastic pipet, apply a couple of drops of primer
(HMDS) on the sample surface and rotate for 10 seconds at 4000 rpm. (optional)
The primer promotes adhesion of the PR to the sample. It is required if a very smooth
surface is to be adhered with PR, such as Si.
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5. PR application – repeat the above and apply a couple of drops of photoresist (AZ 5214E
positive PR), rotate for 30 seconds at 4000 rpm.
As the PR is spun, it spreads to the edges and backside of the sample. At the edges, the
PR builds up, what is called the Edge Bead (EB) effect. This affects the alignment and
exposure as the contact between the sample and mask occurs at the edge and does not
cover the whole sample. The consequences are over-exposure, i.e. the pattern transfer is
inaccurate. To prevent this, an edge bead removal is implemented.
6. Soft bake – place the sample on a hot plate at 80℃ for 6 minutes.
The purpose of the soft bake is to evaporate some of the solvents in the PR, which
help make the PR thin when spin coating, but would be detrimental to adhesion as they
absorb radiation. Soft baking duration and temperature are important as over bake re-
sults in polymerised, less photosensitive resist, whereas under bake affects adhesion.
7. Edge Bead Removal (EBR) – To remove the EB, step 8 and 10 are performed using a
dark square mask of the same size as the full mask size as outlined in Figures A.2, A.3,
A.4 and A.5.
This EBR method ensures that the edges of the sample are stripped of the photore-
sist, leaving a square of PR big enough to accommodate the desired lithographic mask.
8. Exposure – align one of the desired masks (listed in Appendix A.3.1), bring into contact
and expose with 400nm UV light for 20 seconds.
9. Post exposure bake – place on a hot plate at 90℃ for 90 seconds.
The post exposure bake is always performed at a higher temperature to the soft bake,
and higher than the glass transition temperature, Tg, of the PR. It is done to average
out the standing wave effect, introduced during exposure, which smoothens the PR side-
walls and improves resolution. Over baking will polymerise the PR and will affect step 10.
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10. Developing – immerse in diluted developer solution (4:1 ratio of DI water to AZ 400K
developer) for 12 seconds, rinse in DI water for 20 seconds and dry with N2 blow.
During development, the soluble areas of the photoresist are dissolved. If using positive
photoresist, the exposed areas of PR become soluble to the developer solution, whereas
when using negative photoresist, the exposed area of PR become insoluble to the devel-
oper solution (note:different types of developer solutions are used, depending on whether
positive or negative PR is selected).
11. Quality control – observe whether the pattern has been developed properly under an
optical microscope. Continue to step 12 if YES, Restart from step 1 if NO.
12. Hard bake – place sample on a hot plate at 100℃ for 5 minutes.
The hard bake step is important as it evaporates all solvents in the PR. This improves
etch and implantation resistance, makes for better PR adhesion with the surface, and the
PR flows to fill any pinholes. Duration is crucial as under baking would mean that the
PR is not sufficiently polymerised, will have a high etch rate and poor adhesion, thus not
serving well as a mask, and over baking would cause bad resolution.
A.4 Reactive Ion Etching
Reactive ion etching was performed with a Sentech™ Etchlab 200 system during step 5.
of the Schottky barrier diode fabrication. A 3 µm Si etch at a rate of 120 nm/minute was
obtained by setting the following conditions:
• CF4 reactive gas
• room temperature
• 100V RF bias
• 30 Pa pressure
• 25 minutes etch time
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A.5 Dektak™ 150 stylus profilometry
The Dektak™ 150 profilometer features a fine stylus, similar to an AFM tip, which is sus-
pended from a cantilever, connected to the electronics. Upon contact with a surface, the stylus
initialises to fix this as the null position. When a measurement is started, the stylus performs a
line scan of predefined length whilst in physical contact with the surface, identifying the thick-
ness change in all hills and valleys (the contact force is set according to the surface material – 6
mg for hard materials such as metals, 3 mg for softer materials such as most polymers). Figure
A.7 shows a profile taken from a SBD device with the bottom image being the same as the top
with the structure superimposed. The Dektak™ 150 was used for all thickness measurements
above 10 nm.
Figure A.7: top – lateral profile of a SBD device; bottom – with the structure superimposed.
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A.6 Sputter Deposition parameters
A Mantis™ QPrep Deposition system was used to grow metal layers for the Schottky, MIM
and MIIM device fabrication procedures. The system includes a load-lock chamber, 3 mag-
netron sources (2 DC and 1 RF), and a Quartz Crystal Microbalance (QCM) to monitor the
growth rate and thickness in-situ during the deposition. Table A.1 depicts the conditions used
to grow the metal layers for this work, however, the following parameters are always kept
constant:
• Main chamber turbo pump speed – 600 Hz
• Target-to-substrate distance – 198 mm
• Room temperature
• Substrate stage rotation - 10 rpm
Table A.1: Sputter deposition parameters for metal growth.
Material
deposited
Sputter deposition conditions
Ar flow
(sccm)
DC/RF DC Current/RF Power Rate (A˚/s)
Al 80 RF 180 W 0.61
Ag 200 DC 40 mA 0.37
Au 120 DC 28 mA 0.22
Cr 100 RF 120 W 0.62
Ni 200 DC 200 mA 0.4
Nb 200 DC 100 mA 0.25
Mo 60 RF 200 W 0.51
Ti 200 DC 600 mA 0.65
A.7 Rapid thermal annealing
The rapid thermal annealing step was performed with a Heatpulse™ 610 system for step 11.
of the Schottky barrier diode fabrication. The process conditions were:
• Ar ambient
• Instantaneous ramp to 800℃
• 30 seconds exposure
• Instantaneous ramp down to room temperature and removal of samples from the furnace
chamber
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A.8 Argon Ion Milling
Ar ion milling was performed in an Oxford Applied Research™ IM150 system for step 5.
of the MIM fabrication and step 7. of the MIIM fabrication. The aim of the milling was to
mill through the top 50 nm metal layer, the ultra-thin oxide layer(s) and into, but not through
the full depth of the 300 nm bottom metal layer (or SRO in the case of MIIM). The following
conditions were used to mill 50 to 100 nm into the bottom electrode (depending on the electrode
material):
• 200 V accelerator grid bias
• 500 V screen grid bias
• 75 W forward, up to 5 W reverse RF power, matched by 32 load and 19 tune units
• 20 sccm Ar flow
• Ar ion current recorded – 30 mA
• 3 A W filament current for Ar ion beam neutralisation
• stage rotation set to “on”
• stage tilt at 45° to ion source
A.9 Pulsed Laser Deposition parameters
Pulsed laser deposition using Neocera™ deposition chambers with a 248 nm LambdaPhysik™
laser were used to deposit SrRuO3 (SRO) electrodes, and SrTiO3 (STO) and LaAlO3 (LAO)
ultra-thin layers were deposited by RHEED in-situ growth monitoring, using a 30 keV Staib™ in-
struments assembly.
A.9.1 SrRuO3 growth
SRO was grown on STO 5 mm2 substrates with the following conditions:
• deposition temperature – 700℃
• O2 partial pressure – 50 mTorr
• laser fluency – 0.8 J/cm2
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• laser frequency – 8 Hz
• 20 min anneal post deposition at 700℃ and 600 Torr 02
These conditions provide a SRO growth rate of 0.16 A˚/pulse. The resulting growth is charac-
terised by X-Ray diffraction (XRD), showing a good SRO layer on the STO substrate with its
characteristic (001) and (002) peaks (Figure A.8).
Figure A.8: XRD spectrum showing the (001) and (002) SRO and substrate (STO) planes.
A.9.2 RHEED assisted PLD
RHEED assisted PLD has been used in this work to grow ultra-thin oxide layers for MIIM
device research. A SRO bottom electrode was selected with STO and LAO layers grown with
various thickness. An example RHEED growth of STO on SRO is outlined in this Appendix,
showing the room and high temperature diffraction patterns from the SRO surface and the
RHEED intensity/time graph, from which the unit cell growth rate is determined.
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A sample of 200 nm SRO layer grown by PLD (for parameters see Appendix A.9) on a STO
substrate was used to deposit 8 unit cells of STO, in order to calibrate a deposition rate for this
material. The sample surface was first studied at room temperature, the diffraction pattern
shown in Figure A.9 shows the (100) and (110) planes of the SRO surface. Clear, sharp Kikuchi
lines with well defined diffraction spots are observed in these diffraction patterns, accounting
for a flat, crystalline surface[178].
Figure A.9: (100) (left) and (110) (right) room temperature SRO RHEED diffraction patterns.
The sample is then heated to the deposition temperature, 850℃, and 10 mTorr O2 partial
pressure. Figure A.10 shows the RHEED diffraction patterns at 850℃. The diffraction spots
and Kikuchi lines now look distorted and less pronounced, indicating that the surface has
become rougher due to reconstruction processes at the high temperature[204].
Figure A.10: (100) (left) and (110) (right) 850℃ SRO RHEED diffraction patterns.
Once the one-beam diffraction spot is identified, the intensity profile can be recorded live
and the laser pulses can be initiated (1.2 J/cm2 laser fluency at 2 Hz pulse rate). Figure
A.11 shows the Peak Intensity/Elapsed Time graph obtained during the STO deposition. Each
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Figure A.11: Peak Intensity/Elapsed Time graph during STO deposition on SRO via RHEED
assisted PLD.
complete oscillation signifies 1 unit cell growth, therefore in this case, 8 unit cells of STO have
been grown on the SRO electrode. An Average Intensity/Elapsed Time graph makes it easier
to identify the oscillations (see Figure A.12).
Figure A.12: Average Intensity/Elapsed Time graph during STO deposition on SRO via
RHEED assisted PLD.
The first 3 oscillations in Figures A.11 and A.12 are not very pronounced. This is due to the
rough SRO surface that was identified from the diffraction patterns in Figure A.10. After the
third oscillation, the following 5 oscillations are now clearer and well defined. This occurrence is
due to the STO deposition which smoothens the surface with each subsequent unit cell growth.
The improvement of the surface is seen from the post-deposition diffraction patterns displayed
in Figure A.13.
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Figure A.13: (100) (left) and (110) (right) 850℃ SRO RHEED diffraction patterns after 8 unit
cell STO deposition.
The growth rate is calculated from the number of pulses required to complete one oscillation
(this is done using the computer software). In this case, it was established that 81 pulses were
required to complete 2 oscillations, therefore the growth rate was 40.5 pulses/unit cell (p/uc).
A similar approach established the same number of pulses (40.5) required to deposit 1 unit cell
of LAO. PLD deposition parameters used to grow STO and LAO for the MIIM devices in this
work are summarised in Table A.2.
Table A.2: STO and LAO RHEED assisted PLD deposition parameters.
Material
deposited
Laser
Fluency
Laser
frequency
02 partial
pressure
Annealing conditions
Growth
rateTemp.
02 partial
pressure
duration
STO 1.2 J/cm2 2 Hz 10 mTorr 600℃ 300 Torr 1 hr 40.5 p/uc
LAO 1.2 J/cm2 2 Hz 10 mTorr 600℃ 300 Torr 1 hr 40.5 p/uc
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